University of South Florida

Scholar Commons
Civil and Environmental Engineering Faculty
Publications

Civil and Environmental Engineering

7-2011

Remote Monitoring of Bridges
Rajan Sen
University of South Florida, sen@usf.edu

Gray Mullins
University of South Florida, gmullins@usf.edu

Alberto Sagues
University of South Florida, sagues@usf.edu

Julio Aguilar
University of South Florida

Danny Winters
University of South Florida

Follow this and additional works at: http://scholarcommons.usf.edu/egx_facpub
Part of the Structural Engineering Commons
Scholar Commons Citation
Sen, Rajan; Mullins, Gray; Sagues, Alberto; Aguilar, Julio; and Winters, Danny, "Remote Monitoring of Bridges" (2011). Civil and
Environmental Engineering Faculty Publications. 3.
http://scholarcommons.usf.edu/egx_facpub/3

This Article is brought to you for free and open access by the Civil and Environmental Engineering at Scholar Commons. It has been accepted for
inclusion in Civil and Environmental Engineering Faculty Publications by an authorized administrator of Scholar Commons. For more information,
please contact scholarcommons@usf.edu.

Department of Civil and Environmental Engineering

REMOTE MONITORING OF BRIDGES
FINAL REPORT
Sponsored by:
Florida Department of Transportation
Prime Agreement No: BDN23

Research Team
Rajan Sen, Ph.D., P.E., Gray Mullins, Ph.D., P.E., and Alberto Sagues, Ph.D. P.E.
Graduate Researchers:
Julio Aguilar, and Danny Winters

July 2011

EXECUTIVE SUMMARY
This report summarizes findings from a 24-month study in which the performance
of cathodic protection systems for substructures of two interstate bridges was remotely
monitored. The two bridges #860050 and #860054 are located on the “Alligator Alley”
toll portion of eastbound I-75 in Broward County, FL. Each bridge spans two pilesupported piers inside a drainage canal. The seven steel H-piles supporting the piers are
jacketed in concrete to a level just below the water surface and are cathodically protected
by three magnesium anodes spaced uniformly over their submerged length.
The main objectives of the proposed study with respect to the two bridge sites was
to design, implement, and demonstrate:
1.
2.

3.
4.

A reliable set of sensors to monitor the anode environment (most critically the
water resistivity) and operation as needed.
An adequate self-powered remote monitoring system/scheme integrated with the
cathodic protection monitoring system already in place at the Florida Department
of Transportation.
A logic decision criterion based on data evolution with time for when anode
switching is to take place.
A device and procedure for automatic anode switching if practical, or otherwise
an alternative using operator assistance.

A remote monitoring system was developed that used solar power and remote
communication. It was designed to evaluate both pier to pier (RF) and long distance data
transmission (cellular). Commercially available sensors monitored temperature, humidity,
water resistivity, anodic current and steel potential. A Campbell Scientific data
acquisition system was installed to record data that was periodically transmitted to the
USF campus via cellular network. A website was created that was updated regularly with
the remotely collected data and provided information to interested parties.
Findings
All systems and sensors performed satisfactorily over the duration of the project.
Water quality measurements showed that water resistivity changed appreciably over the
monitoring period. Increases of the in-circuit resistance (controlled by remote relay
switching) are proposed to regulate the current and minimize needless anode
consumption when water resistivity decreases below recommended / widely recognized
levels.
Two circuits were designed, fabricated and tested on-site to improve performance.
The first can be used to remotely disconnect anodes and conduct instant-off and/or depolarization tests. This circuit also has the capability to switch between anode materials
however this was not implemented nor necessary. This was installed in Bridge #860050.
The second system can be used to remotely control the anodic current by varying the incircuit resistance. This selectable resistance circuit was installed in Bridge #860054.
i

Tests showed that increases in the in-circuit anode resistance led to a commensurate
reduction in the anodic current, thereby increasing anode life and improving the
efficiency of the cathodic protection system.
A limited study was conducted to evaluate the self-consumption rate of
magnesium anodes. In the tests, magnesium anode coupons of known weight were
submerged in the drainage canal at both bridges and the mass loss determined by
retrieving the same anodes at periodic intervals. The self-consumption data obtained was
subsequently used to estimate the life of the anodes when used in conjunction with the
selectable resistance circuit. The calculations show that depending on the resistance the
anode life is increased significantly.
Recommendations
The variable resistor relay system developed can optimize the performance of the
magnesium anodes but requires a monitoring system that makes it impractical to
implement system-wide for all similarly protected piles. Thus, there is need for a simpler,
alternative system in which the selectable resistance is replaced by a representative
constant value resistor suitable over the range of water resistivity values in the drainage
canals. This resistance therefore has to be calibrated using data that reflects year-to-year
changes in resistivity. Such data is not available and needs to be collected for at least the
next 12-24 months.
The proposed new system would significantly extend the life of the magnesium
anodes by reducing current demand when the water resistivity fell outside its optimal
operating range. This will bring about improved operational efficiency and a significant
reduction in maintenance costs.

ii
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1. INTRODUCTION
1.1

Introduction

Visual inspection is widely used to assess the condition of highway structures. Its
principal weakness is that it can only provide qualitative information at periodic intervals,
typically every two years during mandated inspections. As a result, problems that develop in the
intervening period are not identified quickly and appropriate measures not undertaken in a timely
manner. Remote monitoring provides a cost effective solution by providing relevant, real time
data directly to where it is needed.
The essential components of a monitoring system are (1) remote monitoring unit(s) (2) a
communications network and an (3) operations center [1.1]. In this classification, sensors are
considered to be part of the remote monitoring unit. The remote monitoring unit collects and
temporarily stores raw data from sensors that instrument the structure. This data is subsequently
encrypted or compressed and transmitted via cellular network to the operations center
responsible for delivering information to users after appropriate processing. The operations
center has computer hardware / software that is connected to the internet 24 hours a day, 7 days a
week. The software is capable of exporting, manipulating, analyzing and grouping the data that
is then made available to users. The specific system used at a site depends on the type of sensors
and data requirements for the project. Some examples of new monitoring applications are given
in References 1.2-1.3.

Figure 1.1 Bridge site for monitoring CP system for jacketed H-pile, Broward County, FL.
This report describes a remote monitoring system that was developed, installed and made
operational to provide 12 months of data to the Florida Department of Transportation (FDOT).
The system was devised to monitor the performance of a sacrificial cathodic protection system
installed to prevent steel H-piles (Fig. 1) supporting the piers on two bridges from corroding
under changing environmental conditions.
Section 1.2 summarizes the scope and objectives of the study. Information from a
literature review to identify currently available remote monitoring systems is summarized in
Section 1.3 while Section 1.4 describes the organization of the report.
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1.2

Scope of Services and Objectives

The goal of this project was to design, implement and evaluate remote monitoring
components and systems for substructures of two Broward County bridges, Bridge 860050 and
860054 on I-75 over drainage canals that were protected by a sacrificial anode cathodic
protection system using magnesium and zinc anodes. The consumption of the anodes in these
systems is sensitive to the resistivity of the water in the drainage canal that varies depending on
the type of run-off.
When the resistivity is high, that is, the water is relatively pure, a magnesium anode is
required; on the other hand, when resistivity is low, that is, it has dissolved salts from
agricultural or industrial run-off, the magnesium anode is consumed too quickly and a zinc anode
is optimal. Thus, the system was required to monitor the resistivity of the water, determine the
current output of the sacrificial anode, the potential of the steel piles and develop a scheme that
automatically switched the anodes when appropriate. Since corrosion is affected by temperature,
a weather station was also required. The contract stipulated that wireless sensors should be tested
and evaluated and the system energized by solar power.
The main objectives of the proposed study with respect to the two bridge sites was to
design, implement, and demonstrate:
1.
2.
3.
4.

A reliable set of sensors to monitor the anode environment (most critically the water
resistivity) and operation as needed.
An adequate self-powered remote monitoring system/scheme integrated with the CP
monitoring system already in place at FDOT.
A logic decision criterion based on data evolution with time for when anode switching is
to take place.
A device and procedure for automatic anode switching if practical, or otherwise an
alternative using operator assistance.

The project required the development of a remote monitoring plan that was implemented
following approval by FDOT’s Advisory Committee. These meetings led to fine-tuning of the
initial project goals and are detailed in subsequent chapters.
1.3

Literature Review

The intent of the literature search was to determine if there were turn-key systems
available that could be directly implemented in the study. This was not found to be the case.
Nonetheless, the findings of the literature search are presented here since they may be of general
interest.
In the context of this research, two recent publications are particularly relevant. The first
is a state-of-the-art report prepared by researchers at the University of Minnesota [1.4] in the
wake of the I-35 disaster. This provides up to date information on commercially available
systems. In the field of structural health monitoring, China is emerging as a heavyweight with
experience in monitoring very large structures instrumented by thousands of sensors [1.5]. A
1-2

recent review paper from China [1.6] provides information on sensing technologies that are still
under development and also addresses some of the challenges that have to be overcome in the
future.
Sensing technology is at the core of structural health monitoring in which structures are
instrumented to determine their response under loading. In the University of Minnesota study,
questionnaires were sent to 72 companies identified as providers of structural health monitoring
services. Of these, 38 responded. Their responses provide information on sensing technologies in
use (contained in Section 1.3.1-1.3.2) and the companies that use them (in Section 1.3.3).
1.3.1

Sensing Technology - Available

The Minnesota report identified 25 components and systems that are commercially
available for structural health monitoring. These include systems that are used for nondestructive evaluation, e.g. infrared thermography, ground penetrating radar, devices used for
measurement, e.g. LVDTs, vibrating wire gages, tilt meters, corrosion assessment, e.g. potential
measurements, corrosion rate monitoring. General characteristics of these systems are described
together with their advantages and disadvantages. This is summarized in Table 1.
Table 1.1 Structural health monitoring systems. [1.4]
System
3D Laser
Scanning

Use
displacement
measurement,
bridge profiling

Advantages
Large areas can be mapped
accurately, Fairly precise (up
to 1 mm accuracy), System
can be operated remotely

Disadvantages
Large number of scanners needed
for accurate profile, Differential
surface materials impede accuracy,
Affected by atmospheric
conditions

High sampling rate gives high
resolution picture of
acceleration,
displacement/velocity can be
obtained through integration

Error Propagation from numerical
integration

Accelerometers

acceleration,
displacement,
velocity

Detects events
instantaneously, Does not have
to be situated near the location
of the event

A network of sensors is required to
isolate the location of the incident,
Background noise can inhibit
effectiveness

Very accurate, Can generate a
3D image

Cannot perform dynamic
measurements (time is required to
scan all nodes)
Results subjective to the person
performing the task, Lane closure
is required

Acoustic Emission

Automated Laser
Total Station
Chain Dragging

Concrete
Resistivity

Determine
releases in
energy
(cracking), Crack
Propagation,
Corrosion
Displacement of
nodes using
prisms
Subsurface
abnormalities,
corrosion
Assess the
likeliness of
corrosion, Assess
the moisture
content

Widely used/ well accepted,
fairly accurate

Simple/ non-destructive test
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Cannot actually identify the
presence of corrosion

Table 1.1 (Continued) Structural health monitoring systems. [1.4]
SYSTEM
Digital Image
Correlation

USE
Determine Strain
in a structure

Electrochemical
Fatigue Sensing
System

Detect the growth
of fatigue cracks at
discrete points

Electrical
Impedance
Electrical
Resistance Strain
Gage

Fatigue Life
Indicator

Fiber Optics

Global
Positioning
System

Ground
Penetrating
Radar

Impact Echo

Infrared
Thermography
Linear
Polarization
Resistance
Linear
Potentiometer
Linear Variable
Differential
Transformer

ADVANTAGES
No gages need to be mounted
to the structure
Allows for the assessment of
fatigue damage/ crack growth,
Does not affect the fatigue life
of the test area

DISADVANTAGES
Camera must remain stationary to
obtain accurate readings
Limited to discrete points of
interest

Can also detect the presence of
water within the tendon, Does
not require a lot of equipment
to perform

Cannot isolate the location of the
damage along the tendon

Can be used to calculate
principal strain and stress

Accuracy becomes questionable in
long term monitoring, Poor
resistance to the elements

Conservatively estimate weld
failure

Not conservative for large cyclic
stresses

Can be installed on exposed
elements, Not affected by
electromagnetic interference

Easily damaged during installation,
Affected by temperature

Position and
displacement
Determine
deterioration of
bridge decks,
delamination,
corrosion
Determine the
depth of the
concrete slab,
locate anomalies in
the concrete,
corrosion
Determine sub
surface concrete
anomalies,
delamination,
corrosion

Accurate up to a few
millimeters
determine possible locations
of cracks, voids, delamination,
and corrosion in the concrete,
Data can be collected at high
speed

A base unit is required for great
accuracy

Estimate corrosion
rate
Displacement,
velocity

Effective for noting changes in
corrosion rate
More accurate than LVDTs,
Large measurement range

Can both over and under predict
corrosion rates

Displacement

Very accurate, can work in
low temperatures

DC versions affected by high
temperatures

Determine the
corrosion condition
of post tensioned
concrete tendons
Measures the
relative
deformation of a
material
Predict the
remaining fatigue
life at joints
Environmental
conditions,
displacement-etc,
Orientation,
corrosion, and
cracking

Lane must be closed to perform
test, Data is subject to
interpretation

Can detect defects, Can
generate a 3D image, defect
depths can be calculated,
accurate

Numerous points are needed to
develop an accurate picture, Lane
closure is required, Specialized
training is required to interpret
results

Device is portable, Easy to
interpret results, Lane closure
is not required

Changes in surface types affect
results, Affected by atmospheric
conditions, Will not detect voids
filled with water
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Larger than LVDTs

Table 1.1 (Continued) Structural health monitoring systems. [1.4]
System

Macro cell
Corrosion Rate
Monitoring
Potential
Measurements /
Chloride Content
Scour Devices
Tilt Meters/
Inclinometers
Ultrasonic CScan
Vibrating wire
strain gage

Use
Estimate the rate at
which the
corrosion of
reinforcement in
concrete is
occurring
Indicate the
possible risk of
corrosion
Sonar or Acoustic
Doppling devices
Determine the
angle of inclination
of an object
Detection of voids
and corrosion
Strain

Advantages

Disadvantages

Can be used to determine the
onset and dept at which
corrosion is occurring

Measurements are performed
infrequently, preventing an
accurate value of the corrosion rate
to be determined

Isolates areas of likely
corrosion
Systems designed to withstand
major flood events

Affected by the humidity of the
concrete
Not suitable for high turbidity or
rapid flow rates

Very accurate
Can detect numerous
phenomenon in a single pass
Can be surface mounted or
embedded

Numerous points are needed to
develop an accurate picture
Interpreting data is challenging
Subject to thermal expansion

1.3.2 Sensing Technology – Emerging
Information on newer sensing technologies is contained in a survey paper from China
[1.6-1.7]. These sensors may not be available commercially. The sensing technologies listed
include piezo-electric ceramic sensors, cement based strain sensors and corrosion sensors. The
energy of the sensor signal shifts from low to high frequency during the corrosion process and
the time frequency analysis approach is used to diagnose the occurrence of corrosion. The
sensors use electric power generated by the electro-chemical reaction to power the wireless
sensors that are called “self-harvesting wireless corrosion sensor”. More details on this sensor
may be found in Reference 1.7.
1.3.3

Commercially Available Systems

As stated earlier, Minnesota researchers identified 72 companies that provided health
monitoring services. Information received from 38 of the companies and their health monitoring
focus is listed in Table 2.
It may be seen that relatively few of the companies conduct corrosion related monitoring.
These are:








Acellent,
Geomedia Research and Development
Infrasense
MALA
Roctest Group / Smartec
S + R Sensortec GmbH
Virginia Technologies Inc.
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Table 1.2 Health monitoring companies and areas of interest. [1.4]
Company Name
Area of Interest
Acellent

Acoustical and temperature testing for concrete anomalies and corrosion
Acoustic and displacement based testing for short and long term
monitoring

Advitam
Advanced Telemetrics
International (ATI)
Bridge Diagnostics
Incorporated (BDI)

In place and remote monitoring of load tests and long term strain

Crossbow Technology

Wireless sensor testing

Digitexx Data Systems

Remote and hard wired short and long term monitoring

Dunegan Engineering

Acoustical crack monitoring both short and long term

Engius

Short term and remote monitoring of concrete using thermistors

Excelerate

Acoustical testing for concrete delamination

Fiberpro
Futurtec

Strain, temperature, acceleration, and displacement long term testing
Displacement, tilt, vibration, wind speed, and temperature testing via
remote monitoring

Geomation
Geomedia Research and
Development

Strain, temperature, load, and displacement long term monitoring
Acoustical testing for concrete and asphalt deterioration and rebar
corrosion

GSSI

Ground Penetrating Radar for locating voids, rebar, and concrete cover

Harmonic Footprinting

Vibration sensors for monitoring irregularities in structural vibrations
Long and short term remote monitoring of strain, displacement and
vibration

HBM
Impact Echo Instruments
Infrasense
Instantel
Invocon, Inc.
Leica Geosytems
LifeSpan Technologies
MALA
Matech
North American
Geotechnical Co.
Omnisens SA

Remote monitoring of strain sensors

Acoustical testing to determine bridge deck depth
GPR or IR (Infrared Thermography) for corrosion, delamination, and
debonding in concrete structures
Remote monitoring of bridge vibrations
Wireless monitoring of accelerations, strain, humidity, temperature,
pressure and acoustical impact testing
GPS, 3-D laser scanning, and laser totaling station of tilt and
displacements on bridges
strain, acceleration, temperature, and displacement short and long term
remote monitoring
GPR testing to find delamination and voids caused by corrosion
Electrochemical Fatigue Sensor (EFS) testing to detect crack
initiation/propagation.
Resistance testing of the airflow through different layers of sediment and
water to measure scour

Pinnacle Technologies

Fiber-optic strain and temperature sensor remote testing
Fiber optic and analog sensors to measure tilt, vibration, and the static
and dynamic displacement of structures
Acoustical testing for cracking, rupture, or rebar breaking both short and
long term remote monitoring.
GPS monitoring of real time bridge responses using short or long term
remote monitoring

Practical Technologies LLC

Fiber optic cable integrity monitoring to notify of structural collapse

Osmos USA
Physical Acoustics
Corporation (PAC)
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Table 1.2 (Continued) Health monitoring companies and areas of interest. [1.4]
Company Name

Area of Interest

Roctest Group / Smartec

GPR scanning of bridge decks with an asphalt overlay to determine
where damaged areas are located
Crack formation and growth, strain, global displacement, rotation,
acceleration, temperature, load, water level, tilt, corrosion, and vibration
remote monitoring

S + R Sensortec GmbH

Macro cell corrosion rate monitoring

Sensors & Software, Inc.

GPR scanning to locate voids and damage within concrete.

Strainstall
Structural Monitoring
Systems Ltd.
Vienna Consulting
Engineers

Long-term monitoring and early warning testing for fatigue in welds
Comparative vacuum monitoring of the initiation and growth of cracks
on concrete surface
Vibration, strain, displacement, load and environmental conditions
monitoring.
Linear Polarization Resistance, resistivity, chloride content, and potential
remote monitoring

Roadmap GPR Services

Virginia Technologies Inc.

1.4

Organization of the Report

This report contains eight chapters and five appendices that describe the studies
undertaken to meet the objectives of the research project.
A description of the test site and preliminary surveys conducted to select the specific
piles that were instrumented is presented in Chapter 2. Information on the sensors and equipment
used for the remote monitoring study is given in Chapter 3. The laboratory evaluation of the
sensors and the remote monitoring unit is summarized in Chapter 4; field installation is covered
in Chapter 5. The analysis of the data obtained to date is contained in Chapter 6. The system
developed to permit anode switching is outlined in Chapter 7. Conclusions and recommendations
for future monitoring are summarized in Chapter 8.
Appendix A contains water quality data, Appendix B contains information on the
Loggernet program for each data logger. Appendix C has sample calculations for estimating the
anode life and Appendix D contains plots of instant-off and depolarization tests performed on the
field piles.
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2. SITE SELECTION

2.1

Introduction

As stated in Chapter 1, the goal of the study was to develop a remote monitoring
system for assessing the relationship between water resistivity and anode consumption
for a sacrificial anode cathodic protection system protecting the substructure in two
bridges. In discussions, FDOT indicated that the remote monitoring system had to
explore the feasibility of wireless, pier to pier communication in one of the bridges. This
chapter describes preliminary studies conducted by the USF research team to identify the
specific piles and piers that would be the subject of the investigation.
The USF research Team, in cooperation with USF’s Marine Science Department,
conducted underwater surveys of all the piles at the two bridge sites. Underwater
remotely operated vehicles (ROVs) with video and sonar capability were used for this
purpose. Since the waters were murky, the initial videos were not very clear and a
subsequent survey was conducted in which enhancement techniques were used to obtain
clearer images. The findings from this video and the sonar recordings were crucially
important in the selection of the piles and piers that were subsequently instrumented and
monitored. Brief descriptions of the bridge site and the pile bents are given in Section 2.2
and Section 2.3 respectively. Section 2.4 presents information on the underwater survey
while Section 2.5 provides the rationale for the selection of the piles and piers that were
the subject of the study described in the remainder of the report. In addition, the
chemical properties of the water were evaluated. This can be found in Appendix A.

2.2

Bridge Site

Alligator Alley is an 84 mile long toll road on I-75 which cuts through the
everglades, and connects Ft. Lauderdale on the east coast of Florida with Naples on the
west coast. The structures selected by FDOT for the study are bridges #860050 and
#860054 over drainage canals, located in Broward County in District 4 on the east bound
section of Alligator Alley. Bridge #860050 is located between mile marker 39 and 38 and
bridge #860054 between mile marker 30 and 29. Both structures were originally built in
1967 and reconstructed in 1989.

2.3

Description of Pile Bents

The two approximately 120 ft (36.6m) long, three-span concrete bridges, #860050
and #860054, are supported by abutments at their ends and two intermediate, pilesupported piers. Each pier is supported on seven steel H-piles. The portion of the steel
pile above the waterline is jacketed in concrete to provide corrosion protection (Fig. 2.1).
The submerged portion of the steel is protected against corrosion by a sacrificial anode
cathodic protection system that uses three anodes per pile.
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Figure 2.1 View of Bridge 860050 (left) and 860054 (right).
Typically, FDOT uses zinc or magnesium anodes for galvanic protection. In this
case, however, because of the wide variation in the ionic content of the water in contact
with the anodes due to seasonal agricultural or industrial runoff events, two different
anodes were used. Magnesium anodes are used when mostly fresh water is present and
zinc anodes at other times. Each pile was provided with three anodes that are
approximately uniformly spread over the submerged depth.
2.4

Preliminary Survey

Since anode consumption was reported to be excessive, a preliminary survey was
conducted to determine possible reasons for this unexpected response. This was to verify
whether factors other than changes in the ionic content of the water were responsible for
this condition. An underwater survey was conducted using a digital sonar system
“Didson” (Fig 2.2) and a remotely operated vehicle “ROV” (Fig. 2.3).

Figure 2.2 Digital sonar system.
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Figure 2.3 Remotely operated vehicle used for underwater video survey.

2.4.1

Underwater Sonar Survey

The digital sonar “Didson” device was used for the preliminary assessment of the
debris field located under the bridges. The sonar was able to detect objects such as the
anodes (Fig 2.4); however the vast quantity of debris required further visual inspection
for a proper site survey to be conducted.

ANODE

Figure 2.4 Sonar image of pile with anode.
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2.4.2

Underwater Video Survey

The intent of the video survey was twofold: to determine the condition of the
existing anodes mounted on all the piles and to determine if there was debris strewn near
the piles that led to the excessive current draw from the anodes.
The videos showed that two types of anodes were used: a “rod” type that was
electrically connected to the pile by a wire (Fig. 2.5 left), and a “bolt on” type anode that
was connected to the pile by metallic clamps (Fig. 2.5 right). The condition of the anodes
was also determined; there were instances where the anodes were missing or completely
depleted so that only the clamps remained (Fig. 2.6).

Rod Anode
Bolt on Anode

Figure 2.5 Rod type and bolt on anode.

Missing

Consumed

Figure 2.6 Bolt-on anodes either consumed (right) or missing (left).
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Table 2.1 summarizes the findings from the underwater survey of the two bridge
sites. The notation of the piles and bents are consistent with FDOT convention; piles are
numbered 1 (southern-most) to 7 (northern-most). The bents are identified as “east” or
“west” relative to the east-west orientation of the bridge. The uppermost of three anodes
(closest to the water surface) is labeled as “1” with “3” being the bottom-most anode.
The anodes are generally located at quarter points; anodes 1 and 3 face the centerline of
the water crossing while anode 2 faces the adjacent shoreline. There are two piles that are
fully encased in concrete denoted by the term “CONCRETE” within the table. The full
length concrete piles have no anodes attached to them. Inspection of Table 1 shows that
barring three anodes (1 in #860050 and 2 in #860054), the 75 remaining anodes appeared
to be in good condition designated as “OK”.
Table 2.1 Survey results of anode condition for bridges 860050 and 860054.
Bridge
Pile
7

6

Anode #
1
2
3

860050
West
OK
OK
OK

East
OK
OK
OK

Bridge
Pile
7

CONCRETE

6**

Anode #
1
2
3
1
2
3

860054
West
OK
OK
OK
OK
OK
OK

1
OK
OK
5
CONCRETE
2
OK
OK
3
OK
OK
1
OK
OK
1
OK
4
4
2
OK
OK
2
OK
3
OK
OK
3
OK
1
OK
50%
1
OK
3
3
2
OK
OK
2
OK
3
OK
OK
3
OK
1
OK
OK
1
OK
2
2
2
OK
OK
2
OK
3
OK
OK
3
OK
1
OK
OK
1
OK
1*
1*
2
OK
OK
2
OK
3
OK
OK
3
OK
* Pile 1 is Southerly-most pile in bent
** Approximated 1 in hole in the web of Br. 860054 Pile 6 between anodes 2 and 3

East
OK
OK
Exhausted
OK
OK
OK

5

MISSING
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK
OK

The underwater video showed that there was a significant amount of metallic
debris in close proximity or in contact with the piles at both sites. There is a high
probability this is a source of stray currents that may have been responsible for the
excessive anode consumption (reported by FDOT) due to the increased surface area that
must be protected. Recommendations regarding the metallic debris are made in Chapter
8. The metallic debris found at both sites comprised large diameter rebar coils, long steel
beam sections and automotive components likely thrown from the roadway. Examples of
the debris are shown in Fig. 2.7.
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2.5

Selection of Bent

Schematic drawings showing the location of the debris in bridges #860050 and
#860054 are shown in Figs. 2.8-2.9 respectively. Based on the survey, it was decided that
the northerly most pile in piers 2 (west) and 3 (east) of Bridge 860050 and the northerly
most pile in pier 2 (east) of Bridge 860054, i.e. pile #7 in Table 2.1, would be fully
instrumented. These piles were free of debris and would therefore allow the relationship
between anode loss and water resistivity to be reliably investigated.

Figure 2.7 Debris around pile groups: rebar coils around two adjacent piles (top), rebar
bridging between two different adjacent piles (middle), one of two long I-beam sections
found just a few feet away from pile group (bottom-left), and a car bumper leaning
against yet another two piles (bottom-right).
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Full length
Jacket

Rebar

Steel beam
Large rocks

Circled piles (#7) instrumented

Figure 2.8 Debris field map of bridge 860050.

Car bumper

Fully jacketed

Rebar coils

Steel beams

Circled piles (#7) instrumented

Figure 2.9 Debris field map of bridge 860054.
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3. DESCRIPTION OF SYSTEM
3.1

Introduction

As noted in Chapter 1, the essential components of a remote monitoring system
are a remote monitoring unit, a communications network and an operations center. This
chapter describes the remote monitoring unit that was developed for the project.
A critical objective of the study was to monitor the performance of the anodes that
were used to protect the steel H-piles. This required accurate information on the
resistivity of the water, the potential of the steel and information on the environment.
Details on the sensors that were used to obtain this information and the weather station
are presented in Section 3.2.
The remote monitoring unit consists of a data acquisition system (“data logger”)
that stores data from the above sensors. The communications network consists of
modems and radios that allow data to be transferred wirelessly between piers and their
eventual transmission via a cellular network to the operations center at USF. The remote
monitoring unit and the communications network are housed in the same box that also
has re-chargeable batteries powered by solar energy.
The requirement for a pier to pier wireless system in one bridge meant that the
communications network for the two bridge sites were not identical. Two configurations
were used: (1) a “master unit” capable of transmitting data directly to a server and (2) a
“slave unit” which required transmission to another box prior to the data being
transferred back to the server.
The remote monitoring unit and the network communications are housed in the
same box. For this reason, the various elements of these systems are described in Section
3.3. Information on the operations system is presented in Section 3.4.

3.2

Sensors

Sensors were used to monitor the resistivity of the water, steel potential and the
water level in the canal. Additionally, the environment at the bridge sites was also
monitored. A brief description of the various sensors follows:
CS547A-L Conductivity/Resistivity Probe
Resistivity is a material property indicative of the nature of electrical resistance
that is a function of temperature and the conductivity of contaminants in the water.
Conductivity is the inverse of resistivity; therefore, knowledge of conductivity
automatically provides information on resistivity and vice versa. In this study, a
commercially available conductivity / resistivity probe from Campbell Scientific was
used.
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The CS547A-L Conductivity probe (Fig. 3.1) can determine both water
conductivity and temperature. Conductivity is measured using stainless steel electrodes.
The electrodes are located in a channel inside the probe body with a 0.6 cm diameter hole
open to the surrounding water. A thermistor measures temperature. Conductivity
measurements can be reported either as temperature corrected (based on theoretical
assumptions) or as actual values. For this project, the data were processed to report the
results in terms of water resistivity. The resistivity was reported as the actual value,
without any correction for temperature. This device must be paired with an A574
Interface in order to obtain data. This probe is the only probe used which required an
additional interface. All other sensors were connected directly to the data logger.

Figure 3.1 CS547A-L conductivity probe (Campbell Scientific).
Reference Electrode
Ag/AgCl reference electrodes (Fig. 3.2) were purchased from Electrochemical
Devices Inc. Their calibration with respect to a Standard Hydrogen Electrode (SHE) is
+0.222V. These electrodes were used to monitor the polarization of the steel piles as the
anodic current was supplied to them.

Figure 3.2 Ag/AgCl reference electrode.
Weather Station
The weather station for this project consisted of a HMP4C temperature and
relative humidity probe (Fig. 3.3). This probe is manufactured by Campbell Scientific for
use with its remote monitoring units. The probe can measure a relative humidity range
from 0 to 100%, and a temperature range from -40oF to 140oF (-40oC to 60oC).
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Figure 3.3 HMP4C Temperature and RH probe (Campbell Scientific).
Water Level Probe
The water level probe used for monitoring the height of the waterway relative to
the bottom of the roadway was a SR50A-L acoustic sensor (Fig. 3.4). The acoustic
sensor emits ultrasonic pulses and then monitors the time between emission and return.
This device can measure a range from 5.25 ft (1.6 m) to 107 ft (32.6 m) with a resolution
of 0.01 in (0.254 mm).

Figure 3.4 R50A-L acoustic sensor (Campbell Scientific).
3.3

Remote Monitoring Units

As stated earlier, two basic configurations of the remote monitoring units were
used designated as “Master” and “Slave” that held different devices within. Each device
had a specific purpose and each unit configuration served a specific purpose.
3.3.1

Remote Monitoring Unit Elements

Each unit required several elements to function. A brief description of each unit
and its function within the box is given below.
PS100 12V Power Supply
The PS100 (Fig. 3.5) is a 12V DC power supply that provides 7Ahr of power and
can be recharged either by trickle charging from an AC power source or from an external
power supply. The unit consists of a sealed rechargeable battery along with a voltage
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regulator, and this unit can also be linked to an external rechargeable battery. This device
is the primary source of power for the dataloggers.

Figure 3.5 PS100 12 V power supply (Campbell Scientific).
BP24 12 V Rechargeable Battery Pack
The BP24 battery pack is a 12V DC pack capable of supplying 24Ahr of power
(Fig. 3.6). This unit is generally used in high current drain systems and can be linked to
other supply units. The BP24 acted as a backup power source in the event that the
primary power supply became damaged or drained due to an extended period of time
without recharging.

Figure 3.6 BP24 24Ahr battery pack (Campbell Scientific).
CR 1000 Datalogger
The CR 1000 datalogger is a stand alone device capable of scanning at rates up to
100Hz on 16 single ended or 8 differential channels (Fig. 3.7). It is capable of collecting
and storing data as well as controlling peripheral devices. As an added feature to prevent
loss of data, the CR 1000 can suspend its operations if its power supply falls below 9.6V,
whereby the data will be stored on the internal memory until the battery is either
recharged, or the data is manually downloaded. This device was the primary means of
acquiring and storing data, and was found in all “Master” devices in Bridge #86050 and
#86054.
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Figure 3.7 CR 1000 datalogger (Campbell Scientific).
CR 800 Datalogger
The CR 800 is similar to the CR 1000 datalogger in that they are both capable of
scanning at up to 100 Hz. (Fig 3.8). It has features similar to the CR 1000 with the
exception that it is only capable of scanning 6 single ended or 3 differential channels.
The CR 800 is a more economical option for data acquisition if fewer channels are
required. These were used for the “Slave” monitoring systems in Bridge #86050.

Figure 3.8 CR 800 datalogger (Campbell Scientific).
Airlink Raven XTV Modem with 900MHz Omni Antenna
The Raven XTV Modem (Fig 3.9) is configured to transmit data on the Verizon
cellular network using CDMA protocol. This device transmits data through a cellular
service to a base station, providing for fast communication rates and is compatible with
all Campbell Scientific Dataloggers. The device was paired with a 900 MHz Omni
directional antenna to boost its signal strength for transmission from the bridge sites.
These modems allowed data to be transferred back to the operations center.
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Figure 3.9 Airlink Raven XTV Modem (Campbell Scientific).
RF401 Spread Spectrum Radio
The RF401 Spread Spectrum Radio (Fig 3.10) is a 100 mW spread spectrum radio
used for communication between datalogger units up to one mile apart with an
omnidirectional antenna (10 miles (16 km) with a higher gain directional antenna). It can
run on a range of DC power sources from 9 to 16 V, and can also be used to transmit data
to a base station within range. These units were used for pier to pier communication on
this project between “Master” and “Slave” units.
The data transmission is accomplished from the RF401 radio to another RF401
radio connected to a base station or “Master” unit. The base station has the primary
communication to a computer via modem or hard-line. The base station connects to the
“Slave” unit through the RF401 radios to collect/transmit data stored on the data logger
of the “Slave” unit.

Figure 3.10 RF401 Spread Spectrum Radio (Campbell Scientific).
A547 Interface
The A547 Interface system (Fig. 3.11) is required in order to perform conductivity
readings using the Campbell Scientific devices. Bridge completion resistors and blocking
capacitors necessary for water temperate and conductivity readings are found within this
unit.
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Figure 3.11 A547 interface (Campbell Scientific).
SP20 Solar Panel
The SP20 Solar Panel (Fig. 3.12) is a 20-W (19.7 in x 16.6 in x 2 in) panel
typically utilized with high current demanding units or in units where solar power is
expected for recharging batteries. During peak output, these devices are capable of
producing a minimum power of 18W at 1.19A and 16.8.V. As the contract requirements
specified a completely solar unit, these panels were selected to ensure that the battery
packs remained charged.

Figure 3.12 SP20 solar panel (Campbell Scientific).
Instant-off Circuit
The instant-off circuit (Fig 3.13) consists of 3 latching relays and a transistor
connected on a printed circuit board. This circuit was used to remotely disconnect the
anodes from the steel pile in order to perform “instant off” tests. The wiring diagram for
the circuit can be found in Chapter 7.

Figure 3.13 Instant-off circuit.

3-7

Regulating Resistance Circuit
The regulating resistance circuit (Fig. 3.14) is a more complex circuit than the latching
relay circuit. This uses latching relays as well as additional components to vary the circuit
resistance between the anodes and the steel, thereby regulating the current flow. The
wiring diagram for this can also be found in Chapter 7.

Figure 3.14 Regulating resistance circuit.

3.3.2

Remote Monitoring System Configurations

The “Master” unit (Fig. 3.15) contained more equipment than the “Slave” unit, as
it contained the equipment for environmental monitoring and data transmission. As the
“Slave” units were never mounted without having a “Master” unit in close proximity,
there was no need to equip these boxes with environmental monitoring equipment or
modems for data transmission.
Master Unit
The “Master” unit for remote monitoring contained the following items:






PS100 12 V power supply
BP24 24Ahr battery pack
CR 1000 data logger
Airlink Raven XTV Modem
Omnidirectional Antenna
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RF401 Spread Spectrum Radio
A574 Interface
SP20 solar panel
CS547A-L Conductivity Probe
Ag/AgCl reference electrode
HMP4C Temperature and RH probe
R50A-L acoustic sensor
Latching Relay Circuit

Slave Unit
The “Slave” unit (Fig. 3.16) for remote monitoring contained the following:







PS100 12 V power supply
BP24 24Ahr battery pack
CR 800 data logger
RF401 Spread Spectrum Radio
SP20 solar panel
Latching Relay Circuit

PS100 12V Power Supply

Omnidirectional Antenna

BP24 24Ahr Battery Pack

A574 Interface
CR 1000 Data Logger
RF401 Spread Spectrum Radio

Airlink Raven XTV Modem

Figure 3.15 Remote monitoring box configured as a “master” unit.

3-9

BP24 24Ahr Battery Pack
PS100 12V Power Supply
A574 Interface

CR 800 Data
Logger

RF401 Spread Spectrum Radio
CS547A-L Conductivity Probe

Figure 3.16 Remote monitoring box configured as a “slave” unit.

3.4

Operations Center

The operations center comprised of a dedicated computer at USF with Campbell
Scientific software capable of communicating with the remote data loggers via cellular
connection. Cellular connection allows real-time viewing of data, sending and receiving
software protocols, and downloading stored data. The Campbell Scientific software used
for this project is LoggerNet.
LoggerNet (Fig. 3.17) features several components which allow for setup of
communications to various data loggers (Fig. 3.18), connection to data loggers (Fig. 3.19)
and software editing (Fig. 3.20). The LoggerNet software works through the internet to
communicate with the data loggers which have cellular data uplink capabilities through
the Raven XTV Modem. The user sets the data collection schedule with the software (i.e.
1, 2, 6, 12 hours, etc). The software will automatically connect to each data logger and
download the stored data to the computer (user defined folder/drive) as set by the
download schedule. The data collected from the data loggers is in an ASCII text file
format.
Data was originally stored on the dedicated computer system until the hard drive
failed and data was nearly lost. Data collected from each location is now stored on a
server at USF which is more secure. Visual Basic (VB) program was created in Excel to
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process the data and create graphs which are posted on a website. The VB program
automatically triggered based on a user input time parameter. The time parameter was
set for 1 hour intervals. The website was created (see details in Chapter 8) where
information was regularly posted.
Data loggers can also be programmed through the Short Cut window or CRBasic
window. Programs can be sent to the device either onsite or remotely over the internet.
Appendix B has the programs used for each device at both bridge sites. Note:
LoggerNet was not purchased for this project. Therefore, LoggerNet will need to be
obtained by the persons maintaining the data collect and website.

Figure 3.17 Campbell Scientific LoggerNet program

Figure 3.18 LoggerNet data logger connection setup program.
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Figure 3.19 LoggerNet data logger connection and communication program.

Figure 3.20 LoggerNet CRBasic program.
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4. LABORATORY EVALUATION
4.1

Introduction

The intent of this study was to evaluate and successfully implement devices to
allow remote monitoring of the sacrificial CP system operating at two bridge sites. The
requirements of the remote monitoring system were (1) the wireless system had to
connect all of the sensors within a bridge (2) wiring within the same pier was acceptable,
but pier to pier communication had to be performed wirelessly.
Before the devices described in the previous chapter were installed at the bridge
sites, several laboratory investigations were undertaken to verify their capabilities and
identify shortcomings, if any.
Based on the preliminary survey reported in Chapter 2, in USF’s monitoring plan
submitted to FDOT in November 2009, the case was successfully made that reliable data
could only be obtained if new anodes were installed in the three piles that were being
monitored. Unfortunately, the anodes were custom-made for FDOT and none were
available that could be used by USF for their laboratory investigations. In view of this,
the field installation was carried out in two phases described in the next chapter. In the
first phase, the weather station was installed. In the next phase, the system for monitoring
anodes was installed following elaborate laboratory studies.
The laboratory investigations took place over the period starting from the receipt
of the equipment purchased till pilot studies had been conducted to determine exactly
how the new anodes would be connected and installed and their current output monitored.
The data loggers used in this project had been successfully used earlier; therefore the
laboratory investigations reviewed the weather station, the resistivity probe, pier to pier
communication, and the method that would be deployed to monitor the current supplied
by the anodes. This is described in Section 4.2. Concluding remarks are contained in
Section 4.3.
4.2

Laboratory Investigation

Prior to the field installation, all systems needed to be tested, and all devices
prepared for the day of installation. This involved the careful wiring of the magnesium
anodes as well as the testing of every data logger, modem and sensor to ensure there
would be no faults during or after final installation.
4.2.1

Weather Station

The weather station and water level probe (Relative Humidity meter and Sonic
Rangefinder) were assembled in the laboratory (Fig. 4.1) and connected to the Campbell
Scientific Datalogger. While this evaluation was taking place, a unit was installed on
bridge #860050. The field unit recorded erratic atmospheric readings. This was found to
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be because of the absence of the enclosure shown in Fig. 4.1. This was provided during
Phase II installations.

Enclosure

Figure 4.1 Relative humidity and sonic water level devices (left) sonic water level unit
(right).
4.2.2 Resistivity Probe
An assessment was made of the commercially available resistivity probe from
Campbell Scientific. There was initially great concern that this device would not fare
well in the field; therefore a more robust device was built and evaluated. The
manufacturer’s device was installed with the Phase I installation, and performed
flawlessly; therefore it was not replaced.
The resistivity probes required an AC excitation current in order to prevent
polarization of the electrodes. The excitation module selected for this project had
numerous modes of operation which varied the duration of the positive and negative
pulses. These pulses were evaluated using an oscilloscope (Fig. 4.2) to ensure that the
intensity and duration of the pulses were adequate. The vertical scale grids in Fig. 4.2
represent 2 volt increments; the horizontal scale grids represent 0_5msec per division.
The values obtained by the probe were verified using a fluid of known resistivity.

Figure 4. 2 Oscilloscope readout of resistivity probe excitation voltage.
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4.2.3

Pier to Pier Communication

Pier to pier communication between the master and slave units was also evaluated
in the laboratory. Both units were set a distance apart and repeatedly tested for their
ability to communicate with each other. The devices were limited to short range due to
the low power of the transmitters; however they do not need to be in direct line of sight
with each other.
4.2.4

Current Monitoring

To obtain accurate data for the anodic current being supplied to the H-piles, a
different means of wiring the anodes was required. The traditional means of simply
“mounting” the anodes to the pile would not enable any form of current measurements to
be performed as the metallic clamps made an excellent electrical connection from the
anode to the pile. Instead the clamps had to be modified into “isolation clamps” whereby
the anode would be completely insulated from the pile, and the electrical connection
would be made only through a wire routed through the datalogger (Fig. 4.3).
Clamping bolt to
pinch H pile
flange

Electrical isolation
washers (nylon) with
CPVC bushing

3/8-18 extension
from ½-13 allthread

Figure 4.3 Modified mounting clamp.
The 1/2-13 NC all-thread rod shown in Fig. 4.3 is made of 316 stainless steel and
threads completely through the clamp housing. One end of each all-thread rod was
machined down and re-threaded to a 3/8-16 NC to facilitate a standard 3/8 in (9.5 mm)
brass terminal end connection. Electrical isolation was provided with 1-1/4 in (31.8 mm)
nylon washers [5/8 in (15.9 mm) I.D.] and a central CPVC tube. This provided a
mechanical mounting to the pile in the appropriate location without creating an electrical
connection.
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The electrical connection from the anode to the pile was made using a 3/8 in (9.5
mm) brass terminal end which was soldered to a marine grade #8 wire (Fig. 4.4)
identified by the black color. A similar 5/16 in (7.9 mm) brass terminal end was soldered
to the same type marine grade #8 wire which is red (again for easy identification). All
terminal ends were sealed with adhesive lined heat shrink tubing. The 1/4 in (6.4 mm)
thick galvanized steel mounting bar that runs through each anode was drilled and tapped
to provide a 5/16-18 NC hole into which the red wires were electrically fastened with
5/16-18 stainless steel hardware. Both wires were restrained with a rubber lined
mechanical clamp (Figs. 4.4 and 4.5).
A 5 ft (1.5 m) length cutoff of an HP pile section was obtained from a local pile
driving contractor to be used for the anode monitoring evaluation in the laboratory. A 200
gallon (757 liter) tank of fresh water with a resistivity of ~1100 Ω-cm was filled to an
approximate depth of 3 ft (0.9 m), which provided roughly the same surface area that
each Alligator Alley pile anode would be protecting. Therein, the exposed length of pile
is roughly 10 ft (3 m) (from the bottom of the jacket to the mud line) and each pile is
equipped with 3 anodes at roughly the quarter points. The lab pile was outfitted with one
of the anode assemblies (Fig. 4.4) and lowered into the tank.

Figure 4.4 Anode mounted on sample H-pile section for field simulation in the lab.
The pile section was selected both for its roughly similar dimensions and corroded
surface condition. The clamping bolt when fastened to the pile easily cut through the
surface corrosion and provided an electrical connection with no apparent resistance.
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Prior to submersion, both wires were connected to the field data logger through a
0.3 Ohm resistor whereby both legs of the resistor were monitored for voltage (by which
anodic current flow was determined). Initial measurements were approximately 73 mV
which slowly reduced over time. Gas bubbles could be seen emerging from the anode
(Fig. 4.5).

Anode to datalogger (Red)

Gas Bubbles

Datalogger to pile (Black)

Figure 4.5 Anode assembly attached to H-pile after 1 week of submersion.

4.3

Remarks

All the laboratory evaluations yielded positive results, and the only changes made
for the field instrumentation was that the relative humidity meter would have a shroud
placed over it, the anodes would be completely connected to the mounting hardware with
wires to be routed by divers, and a backup electrical connection to the pile would be
made by wiring the second anode clamp as a form of redundancy.
The laboratory evaluation concluded that the systems were capable of performing
the tasks expected of them. The decision was then made to go ahead with the field
installation of the systems.
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5. FIELD INSTALLATION
5.1

Introduction

The field installation for this project was performed in two separate operations.
While USF’s systems were ready for installation on time, the anodes which were to be
instrumented, for the monitoring of their anodic current, were unavailable. These anodes
are custom made and required a lead-time of several weeks for manufacturing. As the
contract specified monitoring be performed for a period of one year, it was not possible to
delay installation until the anodes were acquired. As a result, a “Phase I” installation was
performed in January of 2010 whereby a single unit was installed to commence recording
environmental conditions at the project site.
Phase II installation was possible after a new system for mounting the anodes was
designed and tested in the laboratory as described in the previous chapter. The actual
dates for the installation were determined by the availability of FDOT divers for
installing and replacing the anodes and wildlife personnel who had to be present at the
site to protect the USF research team and FDOT divers against potential dangers.
A description of the Phase I installation is found in Section 5.2. The Phase II
installation is described in Section 5.3, with concluding remarks in Section 5.4.
5.2

Phase 1

In the Phase I installation, a single data logger was mounted on bridge #860050.
This device consisted of a data collection unit outfitted with devices for monitoring air
temperature, water temperature, conductivity/resistivity, and relative humidity (Fig. 5.1).
After initial installation, it was determined that the original antenna was inadequate for
communication with the device because of its location, therefore that antenna was
replaced by an omni-directional unit.

Figure 5.1 Data collection unit as installed (left), upgraded with omni-directional antenna
(right).
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The data collected during this period was uploaded to the website as discussed in
Chapter 8 (Fig. 5.2).

Figure 5.2 Screen capture of field data plots available via the internet.
5.3

Phase II

Following the successful installation of the remote monitoring system in Phase I,
and the acquisition of the magnesium anodes, the remaining systems were installed on
June 16-17, 2010. The final instrumentation scheme was established (Table 5.1) and the
northern most piles on the bridge (pile #7 in Table 2.1, Fig. 2.8-2.9) were selected for
instrumentation.
Table 5.1. Instrumentation scheme for bridges 860050 and 860054 (number of sensors).
Bridge
Pile
Rel. Water Air Water
Current Potential Conductivity
and Pier no.
Hum. Temp Temp Level
860050
7
3
1
1
1
1
1
1
/ Pier 2
860050
7
3
1
0
0
0
0
0
/ Pier 3
860054
7
3
1
1
1
1
1
1
/ Pier 2
Each of the three anodes in each pile was connected to its own channel on the
dataloggers, to determine if any one anode was providing noticeably more current than
another anode on the same pile. Each pile was also connected to a Ag/AgCl reference
electrode which was used to establish the level of polarization achieved by the cathodic
protection system. In addition, there was a weather station present at both bridge sites
which recorded local atmospheric data. As there was no need for multiple weather
stations on one site, it can be seen in Table 5.1 that Bridge 860050 – Pier 3 did not have
any of these systems installed.
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Prior to their installation, all of the anodes had pre-cut lengths of wires on them
which corresponded to their position on the pile; Anode 1 (top) had the shortest wire
while Anode 3 (bottom) had the longest (Fig 5.3)

Figure 5.3 Magnesium anodes with pre-cut wires.
On June 16th 2010, divers from the District 4 maintenance office installed the
anodes on both piles for bridge 860050 and on the 17th; the divers installed the anodes for
the one pile being monitored on bridge 860054. Three anodes were installed per pile and
placed at the middle and quarter points with the two anodes at the quarter points facing
the center of the channel, and the one at the center point facing the shore (in keeping with
the present standard).
The process began by first removing the old anodes that were mounted to the piles
(Fig. 5a). After this, the FDOT divers were handed the new anodes complete with the
isolating brackets and all wires mounted (Fig. 4b).

(a)

(b)

Figure 5.4 (a) Old magnesium anode; (b) FDOT diver being handed a new anode.
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The wires were then bundled at the surface and sorted to ensure proper
instrumentation (Fig. 5.5a). All of the lengths of PVC conduit with corresponding
elbows and junction boxes were then cut to fit the contours of the piers (Fig. 5.5b).
Following this, the wires, bundled to represent each anode, were carefully passed through
a conduit which would protect them from the elements (Fig 5.5c). Finally, the conduits
were mounted to the piles (Fig 5.5d).

(a)

(b)

(c)
(d)
Figure 5.5 (a) Anode wires bundled; (b) Cutting conduit prior to mounting; (c) Routing
of wires; (d) Installation of conduit.
After the anodes were installed, the resistivity probe (Fig. 5.6a) and the Ag/AgCl
reference electrode (Fig. 5.6b) were lowered into the water. The wires for the resistivity
probe and reference electrode were then secured to the outside of the conduit (Fig. 5.7).
The probe and electrode wires were mounted to the outside of the conduit to enable them
to be easily replaced if necessary.
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(a)
(b)
Figure 5.6 (a) Resistivity probe; (b) Ag/AgCl reference electrode.

Figure 5.7 Conduit containing the wires for the magnesium anodes, with the wires for the
resistivity probe and reference electrode secured.
Once all of the wires were run through and on the conduit, they were connected to
the dataloggers (Fig 5.8a). The solar panel was then mounted to the top of the boxes to
energize the system (Fig 5.8b).
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(a)
(b)
Figure 5.8 (a) Connection to the dataloggers; (b) Installing the solar panel).
The final steps of the installation were the mounting of the sonic water level gage
(Fig. 5.9a), the weather station (Fig. 5.9b), and grounding rods for the systems. Once
installation was complete, the system was tested (on site) to ensure that all gages were
recording data (Fig 5.10).

(a)
Figure 5.9 (a) Sonic water level gage; (b) Weather station.
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(b)

Figure 5.10 Verification that all systems are working.
5.4

Remarks

One aspect not stressed during the installation at this site was the need for animal
control personnel in close proximity. The roadway that the bridge is located on was
named “Alligator Alley” due to the abundance of alligators in the waterways surrounding
it. During the second day of installation, wildlife personnel caught a 6 ft (1.8 m) alligator
located under the bridge (Fig 5.11). Without the presence of these support persons,
installation would have not been possible on that day.

Figure 5.11 Alligator being captured.
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Current Adjustment
Each of the field data collection boxes initially contained a resistor pack (Fig.
5.12) consisting of 0.1 Ω resistors constructed by soldering the ends of the resistors
together. Five resistors were connected in series in a manner which enabled them to be
mounted into a wiring block. As each resistor had an individual connection to the
terminal block, a range from 0.1 to 0.5 Ω was available simply by connecting the anode
to a different position on the block (Fig. 5.13). This system was later changed to have a
range from 1.0 to 5.0 Ω based on the monitored current density. The connections were
made using a short wire (jumper) which was color coded white, this wire was connected
and disconnected to a different position on the terminal block whenever a different
resistance was desired. The selected resistance was placed in circuit between the anode
and the pile thus providing a method to measure the anodic current via a differential
voltage.

Figure 5.12 Resistor pack.

Figure 5.13 Resistor pack in terminal block along with jumper wire.
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6. RESULTS
6.1

Introduction

The remote monitoring system described in Chapters 3 and 5 was used to monitor
the resistivity of the water, sacrificial anode use, steel potential and environmental
conditions. Data was collected and software at the operations center used to convert this
information to anodic current so that the consumption rate of the anodes could be
assessed. This data was then uploaded to the website where graphs were updated
regularly. This chapter presents the complete results of the remote monitoring performed
throughout the study.
Criteria for cathodic protection are described in Section 6.2, and Section 6.3
contains information on the sacrificial anode use throughout the project. This section
discusses observed trends and measures taken to extend the duration of time for which
the anodes may protect the structure. The potential of steel piles and the effect of the
shunt resistor on polarization are discussed in Section 6.4, and results from the
environmental monitoring presented in Section 6.5. A summary of the results is given in
Section 6.6. Note: All resistivity values in this chapter and throughout this document,
unless otherwise specified, are actual resistivity values and not temperature corrected.
6.2

Current and Polarization Criteria for Cathodic Protection

The field data was interpreted, when possible, to the extent to which the
polarization regimes obtained corresponded to effective cathodic protection of the steel in
the piles. Criteria for cathodic protection effectiveness were reviewed in the literature.
Although no criteria were identified explicitly addressing the case of steel H-piles in
freshwater, there are literature sources on the general case of exposed steel in both fresh
and salt water environments. Some sources are specific for steel piping, but it was
assumed that as long as they concern bare steel piping in water, the material was
applicable to the present case as well.
Cathodic protection criteria may be expressed as a minimum level of cathodic
polarization potential, a minimum required cathodic polarization current density, or
variations and combinations of both.

NACE International in Standard Practice SP0169-2007 [6.1] addresses
underground or submerged metallic piping systems. That practice has the following
alternative criteria, all based on potential values, for cathodic protection of Steel and Cast
Iron Piping.
- Item 6.2.2.1.1 states “A negative (cathodic) potential of at least 850 mV with
CP applied. This potential is measured with respect to a saturated copper/copper
sulfate reference electrode contacting the electrolyte. (-0.754 w.r.t. Ag/AgCl).
Voltage drops other than those across the structure-to-electrolyte boundary must
be considered for valid interpretation of this voltage measurement.” This
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statement reflects the often encountered presence of ohmic potential drops across
the medium. Those potential drops can result in measured polarization values that
are greater than the actual cathodic polarization across the steel-medium interface,
erroneously indicating a greater degree of protection. The statement continues by
indicating possible ways of addressing that issue. Some latitude in application
appears possible, unlike the case of the next alternative.
- Item 6.2.2.1.2 states “A negative polarized potential of at least 850 mV relative
to a saturated copper/copper sulfate reference electrode.” The term used,
“negative polarized potential” requires that the actual specified interface potential
be achieved without entering into particulars or offering any apparent latitude.
- Item 6.2.2.1.3 states “A minimum of 100 mV of cathodic polarization between
the structure surface and a stable reference electrode contacting the electrolyte.
The formation or decay of polarization can be measured to satisfy this criterion.”
This criterion specifies a relative potential shift rather than achieving an absolute
value. The advantage of such determination is that if the exact calibration of the
reference electrode is in doubt, the criterion can still be tested by a relative shift.
As will be shown later on, this method was among the best applicable to the
present system.
The above guidelines are generalized for corrosion control of both underground
and submerged systems. For a system to be deemed adequate, at least one of the
requirements should be met, however, more than one might be necessary for the system
to be effective. Further tests may be necessary to confirm the effectiveness unless prior
data is available.
An earlier version of the NACE Standard Practice was critiqued by Jones [6.2].
With regards to the 850 mV polarization, Jones states, “this is applicable only to steel in
neutral environments such as soil and seawater. The NACE-recommended practice does
not preclude IRa, which is included in most practical measurements and is of uncertain
value, depending on electrolyte conductivity and system geometry.” He further states,
“An earlier survey of practice found no consensus on any potential for the cathodic
protection criterion of steel in all aqueous media.” This statement suggests that the -850
mV Cu/CuSO4 (-0.754 Ag/AgCl) might not be applicable to this specific location due to
the unique characteristics of the water in the drainage canals. The 100 mV NACE
criterion was deemed adequate by Jones. The system utilized in this project permits
canceling much of the IR contribution by allowing measurements using the “instant-off”
procedure. In this procedure the potential between steel and reference electrode is
measured a very short time (e.g., 1 second) after interrupting the current. The absence of
the polarizing current eliminates nearly all IR potential drops (except for generally small

Note by the authors of the present report: IR refers to the ohmic potential drop
mentioned earlier.

a
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residual components) but the steel-medium interface still remains very close to its
condition when the current was on because the interfacial capacitance has not had time to
discharge to any great extent.
Current-density-based protection criteria for CP systems are stipulated by several
other sources. It should be noted that the following criteria take into consideration the
state of motion of the water while the NACE criteria are not condition specific.

Fontana [6.3] states that for flowing fresh water, a current density of 5-10 mA/ft2
is required. The Handbook further states, as an alternative criterion for the same
condition, polarization to -0.850 V vs. a Cu/CuSO4 reference electrode (-0.754 V vs.
Ag/AgCl).

Uhlig and Revie [6.4] also state that for flowing fresh water a current density
requirement of 5 mA/ft2 is needed, but mentions no polarization criterion.

Revie [6.5] has a current density requirement of 11 to 56 mA/m2 (1.02 to 6.05
mA/ft2) for steel in stationary fresh water, and 54 to 160 mA/m2 (5.0 to 14.9 mA/ft2) for
moving, oxygenated fresh water.

Jones [6.2] states for moving fresh water a requirement of 15 mA/ft2 for startup
and a steady state requirement of 5 mA/ft2.
As will be shown in Section 6.4, there were concerns that the Ag/AgCl electrodes
used in the piles may have been subject to periodic or seasonal variability that resulted in
some uncertainty in the potential readings. Consequently, absolute potential criteria were
not the main focus of the interpretation of the results. Instead, the relative (potential
change) 100 mV cathodic depolarization criterion was adopted here as one of the means
to assess the extent of protection attained. Measurements to that end were conducted
whenever practical. Current density determinations were usually feasible with reasonable
accuracy so the current density criteria were considered as well. Unlike the case of most
fresh water ways such as rivers and creeks, there is very little flow in the canals spanned
by the bridges studied here. Therefore and in consideration to the relatively high water
resistivity encountered, it was felt that the current density criteria for stationary fresh
water could be applied to the present case. Based on the values indicated by Revie [6.5],
a nominal current density criterion of 2 mA/ft2 was adopted for the interpretation of the
results in Section 6.3.
6.3

Anodic Current

As mentioned earlier, the current provided to the steel by each anode was
individually monitored for the designated piers. Voltage readings across the “shunt”
resistor were recorded and Ohm’s law used to convert it to current by dividing the
measured voltage by the resistance of the shunt resistor. A nominal steel current density
was calculated by dividing the current of each anode by the estimated surface area of the
portion of the steel pile assumed to be influenced by each anode (20 ft2 (1.9 m2) per
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anode)b. The calculated currents and current densities are plotted as a function of time in
Fig. 6.1 – 6.3 for the three piers at the two bridge sites (Bridge 860050 – two piers and
860054 – one pier).
Figs. 6.1 to 6.3 show the overall record of current delivery (and corresponding
current density of the steel) by the individual anodes of each bridge and pier as a function
of time. Features of interest are identified by letters. The time record is relative to the
first day of environmental monitoring and progresses for the duration of the project. The
anodes were put in place on day 146 for Bridge #860050 and day 147 for Bridge #860054
(June 16 and 17, 2011 respectively.) All anodes were energized on day 147 and so the
current records start on that day.
All three plots show similar trends. Within each pile, the currents associated with
each anode were remarkably close to each other. At any given test stage there was no
dramatic difference in the current value between the two piles for Bridge #860050. These
trends were replicated in Bridge #860054 though values are somewhat higher. In the
initial condition, with the 0.3 Ω resistors, all anodes had a high initial current delivery of
~140 mA (7 mA/ft2; 75.3 mA/m2), amply above the nominal 2 mA/ft2 (21.5 mA/m2)
criterion for protection adopted above. The current decreased over the next two month
period at the end of which all anodes were still delivering above the criterion level. At
that point all the resistors were changed simultaneously to 4 Ω. Upon that change, the
current dropped somewhat but during the following period (~6 months for Bridge
#860050, 4 months for Bridge #860054) all the anodes were still delivering current
densities typically greater than 2 mA/ft2 (21.5 mA/m2). In Bridge #860054, the resistor
was changed to 3 Ω at the end of that 4 month period with no clear effect on current
delivered for the next ~ 2 months. The long term fluctuations in currents in the graphs
correlate generally with changes in the water resistivity at the bridge site as evidenced by
examination of the resistivity record shown in Figs. 6.6 and 6.7.
Spikes in the data in all graphs, notably near the end of the test, correspond to
instant-off and depolarization tests that were performed both to assess the performance of
the system, as well as to develop the relationships between the shunt resistance, the on
potential, and the instant-off potential. Those tests are described in Chapter 7.
It is noted that the shunt resistance for Bridge #860054 was reduced from 4 Ω to 3
Ω at day 337 to meet the 100 mV depolarization criterion. This change was undertaken
in December 2010 and at the time of the preliminary instant off test, and is identified as
point “D” in Fig. 6.3.

b

The H-piles were assumed to be W12x79, that have a perimeter of approximately 6 ft (1.83 m),
corresponding to an approximate area of 6 ft2/linear ft (1.83 m2/linear meter). The portion of the pile
directly in contact with the water was estimated to be 10 ft (3 m) long for a total area of 60 ft2 (5.67 m2).
Each anode was assumed to influence 1/3 of the area, for a nominal steel area of 20 ft2 (1.9 m2)/anode.

6-4

Time (days)
0

100

200

300

400

500

600
7

A

Current (mA)

C

5
4

60

3
40
2
20
Anode 1

Anode 2

1

Anode 3

11
Se
p‐

1

M

Ju
l

ay
‐

‐1

11

1
M
ar
‐1

11
Ja
n‐

0
‐1
No
v

10

0
‐1

Se
p‐

M

Ju
l

ay
‐

10

0

0
M
ar
‐1

10

0
Ja
n‐

2

80

6

D

B

Current Density (mA/ft )

100

(A)- Anode energized using 0.3 Ω shunt. Initial current 140 mA (7 mA/ft2; 75.3 mA/m2)
(B)- Shunt resistance changed to 4 Ω
(C)- Preliminary instant-off test (December 2010)
(D)- Additional shunt resistance changes and instant-off tests (March 2011)
* The dashed line indicates missing data due to a temporary data logger wiring malfunction

Figure 6.1 Individual anode currents for the east pier of bridge #860050.
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Figure 6.2 Individual anode currents for the west pier of bridge #860050.
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Figure 6.3 Individual anode currents for bridge #860054.

6.4

Steel Potential

In the following section, and throughout this report, unless otherwise indicated, all
potentials are reported with respect to an Ag/AgCl reference electrode.
Figs. 6.4 and 6.5 plot the variation in steel potential as a function of time for the
piers of Bridge #860050 and 860054 respectively. Except for brief periods when the
anodes were de-energized, the potentials are reported in the “on” (energized) condition.
The same plots also show the variation in water resistivity at the respective locations. As
before, potential data starts from the time of the anodes first being energized. Potential
data is missing for two periods for both piles in Bridge #860050 due to a temporary
malfunction of the unit that reported potentials for both piles.
When the anodes were first electrically connected using the 0.3 Ω resistors, the
steel piles for the east and west piers on bridge 860050 were polarized to on-potential
values of -850 mV and -760 mV respectively and later stabilized (around day 200) at
values of -750 mV and -700 mV (Fig. 6.4); similarly; the pier on bridge 860054 was
stabilized to a polarized value of -800 mV from -825 mV (Fig. 6.5). by day 200. Those
absolute on-potential values approach those expected for steel adequately polarized under
protective conditions, as discussed in Section 6.2. However, as noted next, erroneous
absolute potential readings may have developed later on.
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At around day 200, the anode resistors were increased from 0.3 Ω to 4 Ω.
Immediately after, there was an increase in the potential of the piles to less negative
values. That change was in the expected direction, but the significance of the absolute
potential values obtained thereafter is suspect because at later dates there were periods
(for example days ~290-350 in Bridge #860050, Fig. 6.4, and days ~320-360 in Bridge
#860054, Fig. 6.5) where the recorded potential values were as high as ~-450 mV. Such
elevated values seem inconsistent with the potential range expected for steel cathodically
polarized by the current density levels present at the time (in the order of several mA/ft2).
The steel depolarization test results (next Chapter), which relied on relative potential
changes instead of absolute values, were also indicative of significant cathodic protection
action for those levels of current density. The cause for this apparent discrepancy has not
been identified, but it is noted that the high absolute potential values under cathodic
current seem to coincide with a period of low temperatures (Figs. 6.6 and 6.7). It is
possible that organic growth or some other seasonal environmental factor may have
affected the sensing portion of the reference electrodes. Further investigation of this
issue is needed but for the purposes of this report, the absolute value of the steel potential
will not be considered as a primary evaluation criterion for the effectiveness of the
cathodic protection system.
Inspection of Figs. 6.4 and 6.5 revealed no clear correlation between absolute
steel potential and water resistivity, but as noted above, this observation is not conclusive.
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Figure 6.4 Steel potential and water resistivity for bridge #860050.
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Figure 6.5 Steel potential and water resistivity for bridge #860054.

6.5

Steel Depolarization
These results are reported and discussed in Section 7.4

6.6

Environmental Monitoring

In addition to monitoring the performance of the cathodic protection system,
environmental conditions were also monitored. This phase commenced 147 days earlier
as noted previously. Environmental monitoring comprised of measurements of the
resistivity of the water, air temperature and humidity at both bridge sites. In addition, the
water level in the drainage canal relative to the pile cap was monitored at the two sites
starting on day 147.
Hourly measurement of temperature and relative humidity were converted to
average daily temperature and water resistivity shown in Fig. 6.6 and 6.7 due to
drastically diurnal variations. The water temperature, air temperature and RH hourly data
points are plotted as Fig. 6.8 and 6.9, for completeness. Daily averaging was not required
for water resistivity, water temperature, and water level as these readings fluctuated
mildly in 24 hrs.
Plots for the variation in water resistivity and air temperature for both bridges are
shown in Fig. 6.6-6.7. The corresponding plots for the water level below the pile cap are
shown in Fig. 6.10-6.11.
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Figure 6.6 Water resistivity and air temperature for bridge #860050.
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Figure 6.7 Water resistivity and air temperature for bridge #860054.
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Figure 6.8 Hourly temperature and humidity measurements for bridge #860050.
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Figure 6.9 Hourly temperature measurements for bridge #860054.
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Figure 6.10 Water depth to mud-line for bridge #860050.
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Figure 6.11 Water depth to mud-line for bridge #860054.
The variation in the water level below the pile cap allowed the depth of the water
in the drainage canal (from ultrasonic recordings) to be determined by calculating one
time depth measurements in relation to the measured water level and thereafter
comparison to actual water level measurements. This was correlated to the resistivity. For
example, increases in water depth due to rain corresponded to large volumes of
freshwater in the waterways that reduced the ion concentration and increased the
resistivity.
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Fig. 6.12 - 6.13 show the variation in water depth and resistivity at the two bridge
sites. As expected these figures show that in general resistivity increases with water
depth.
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Figure 6.12 Water level and resistivity for bridge #860050.
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Figure 6.13 Water level and resistivity for bridge #860054.
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Since water resistivity is a critical parameter, its variation over time for both
bridges is re-plotted in Fig. 6.14. It may be seen that throughout the monitoring period
the resistivity ranged from approximately 1000 ohm-cm to 3000 ohm-cm. As seen from
Table 6.1, this range of resistances overlaps both the recommended zinc and magnesium
ranges but neither year round. These data were considered for the anode selection logic
discussed in Chapter 7.
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Figure 6.14 Resistivity values for both bridges.

Table 6.1 Recommended anodic material based on resistivity [6.6]
Electrolyte
Effective
Degree of
Resistivity
Anode
Corrosivity
(Ohm-cm)
Material
0 – 500
Very High
500 - 1000
High
Zn
1500
Moderate
2000
Mg
>2000
Mild to Negligible
6.7

Summary

The goal of the project was to optimize anode utilization at the two bridge sites.
Data showing variation in the anodic current with time indicated that the anodic current
provided was higher than that required for adequate protection.
Environmental monitoring showed that the air temperature varied between 50 and
100 F over the 15-month monitoring period. The resistivity of the water was found to
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vary with the depth of water in the drainage canal as expected. Resistivity increased when
the water depth was higher and vice versa.
In general off-the-shelf equipment performed satisfactorily. There was a problem
with a faulty data logger (CR1000) that was resolved when it was replaced. The
commercial resistivity probes appeared to have functioned properly despite the relatively
small size of the fluid sampling opening; this had been initially a concern due to the
possibility of occlusion by debris or organic growth.
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7. ANODE SELECTION
7.1

Introduction

The resistivity monitoring results presented in the previous chapter suggest, per
the concepts discussed in the Introduction chapter, that magnesium anodes would be
appropriate for direct use over most of the time investigated. For the remaining lower
resistivity period, magnesium anodes essentially overprotect the piles by providing
excess current and reducing the potential to needlessly low levels. These anodes could be
made to work by appropriately controlling the current by modifying the “regulating
resistor”. Alternatively, zinc and magnesium anodes could be remotely switched as
needed.
Magnesium anodes are consumed at a higher rate than zinc anodes in low
resistivity solutions, even when electrically isolated (self-consumption). Site-specific
information on self-consumption of magnesium anodes was unavailable; therefore, a
limited study was undertaken to determine this, as shown in Section 7.2.
An instrumental approach for remotely switching anode materials and regulate the
circuit resistance is presented in Section 7.3. Section 7.4 describes the remotely
controlled set up for conducting “instant-off” tests to determine the level of cathodic
protection provided. A summary with recommendations is presented in Section 7.5.
7.2

Anode Selection Logic Evaluation

Magnesium anodes, when used in low resistivity environments, generally supply
more than enough anodic current but are consumed more rapidly than zinc, both due to
the higher anodic current which the magnesium provides to the steel, and the increased
rate at which the anodes are self consumed. Zinc anodes provide sufficient anodic
current in low resistivity conditions, deplete at a slower rate, but are ineffective in high
resistivity (freshwater) conditions.
The Alligator Alley corridor (Interstate 75 between Naples and Ft. Lauderdale)
has over one hundred bridges, many of which are supported on steel H-pile foundations
that require cathodic protection. Unfortunately, the water resistivity fluctuates seasonally
whereby only magnesium can provide adequate cathodic protection year round without
special provisions such as those addressed here. Anecdotally, the present magnesium
anode life, in general for Alligator Alley, due to current discharge and self consumption
varies but is estimated to be less than an average of 2 years (based on discussion with the
divers from District 4 and from the results of the underwater survey).
Water Resistivity
One of the factors that dictates the maximum level of cathodic protection that may
be achieved is the resistivity of the electrolyte. As the resistivity increases, the ability of a
given anode to provide an adequate level of protection decreases. For this reason, more
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reactive anodes are used when the resistivity is higher. The most common anodes used
for sacrificial anode cathodic protection systems are zinc and magnesium (Table 6.1).
Resistivity was monitored for a period of 18 months for Bridge 860050 as
indicated in Chapter 6 and shown again in Fig. 7.1, where it is plotted as regions based on
the requirements of Table 6.1. The data for Bridge 860054 is also shown but for only a
12 month period because it was instrumented in Phase II. The greatest recorded value for
resistivity was about 2700 Ω-cm, during the summer months. This value is outside of the
typical range of applicability for zinc. The lowest value was about 1000 Ω-cm, during
the winter months, just below the accepted range for magnesium (without incurring
excessive depletion rates). The spring and fall seasons regimes appear to be suitable for
either anode, again per conventional guidelines for anode material selection.
Time (days)
0

60

120

180

240

300

360

420

480

540

600

3000
Magnesium Anode Applicability

Br50

2500

Resistivity (ohm-cm)

Br54
2000
Dual Applicability
1500

1000
Zinc Anode Applicability
500
Saltwater ~20 ohm-cm
Se
p11

Ju
l-1
1

ay
-1
1
M

ar
-1
1
M

Ja
n11

No
v10

Se
p10

Ju
l-1
0

ay
-1
0
M

ar
-1
0
M

Ja
n10

0

Figure 7.1 Seasonal resistivity changes for both Bridge #860050 and #860054.
At the onset of the project, an anode switching criterion was envisioned based on
the presumption of seasonal changes in water resistivity. The verification of the water
resistivity variation (Fig. 7.1) further highlighted the need for this consideration. With
regards to changing anode material, two basic approaches could be adopted: (1) physical
replacement of the anodes seasonally, which is impractical or (2) installing both anode
materials and simply switching the anodes to be in or out of circuit with the pile
connection. The second approach, while feasible, would leave both anodes submerged,
but even when disconnected from the piles, the anodes would still be affected by self
consumption. An alternate approach that deals with current control in the form of a
variable regulating resistor has the potential of being more efficient. The latter approach
is considered in detail here, but switching anodes is also addressed.

7-2

Anode Self Consumption
While the experiments performed to date suggest that increasing the regulating
resistance will increase the lifetime of the anodes, this effect might be less significant if
the self consumption rate of the magnesium anodes is high. As indicated above, site
specific information on self-consumption was not available and needed determination.
To determine the self consumption rate of the magnesium, a mass loss experiment
was conducted. A 50 lb (22.7 kg) commercially available bulk anode (Galvotec GA-MGP-50C) was purchased (Fig 7.2a). The metal eyebolt cast into the anode was removed and
the remaining section cut into ~1 in (25.4 mm) thick discs (Fig. 7.2b). These discs were
then turned in a lathe (Fig 7.3c) so that the surfaces were flush and the thickness uniform.
A finished specimen is shown in Fig. 7.2d.

(a)

(b)

(c)

(d)

Fig. 7.2 (a) Magnesium bulk anode; (b) Anode being cut into discs; (c) Disc being
surfaced; (d) Completed magnesium disc.
After the specimens were ready they were labeled and the dimensions / mass
recorded. These are summarized in Table 7.1. Due to variations in the external surface of
the anode, the outer diameter was nominally taken as 8 in, (203.2 mm) with the center
holes being 1 in (25.4 mm). In this table, the specimens are identified by the exposure
period in months and the specimen number. The exposure period is designated by the
roman numerals I, II and III and the specimen number by the numerals 1 or 2. Thus,
specimen II-2 identifies specimen # 2 that was the second specimen recovered from that
bridge site.
The anode specimens were placed on PVC stands to ensure that they were not
resting on the bottom of the channel and all surfaces were exposed (Fig. 7.3). Each stand
was identified by drilling an appropriate number of holes in the legs of the stand
corresponding to the exposure period, e.g. the stand for the third anode set to be
recovered had three holes. (Fig. 7.4). The specimens were not in electrical contact with
each other or any other component.
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Bridge #

860050

860054

Table 7.1 Properties for magnesium discs.
English unit figures are rounded off.
Specimen
Weight
Thickness
Identifier
Month
ID
lbs
grams
in
mm
I
1
2.89 1311.63
0.90
22.76
I
2
2.81 1274.47
0.87
22.06
II
1
2.66 1207.91
0.82
20.77
II
2
2.57 1165.76
0.79
19.95
III
1
2.66 1208.61
0.82
20.85
III
2
2.62 1188.07
0.81
20.51
I
1
3.86 1750.85
1.19
30.11
I
2
3.11 1412.29
0.96
24.41
II
1
3.22 1459.28
0.99
25.20
II
2
3.21 1455.18
0.99
25.19
III
1
2.97 1347.37
0.92
23.33
III
2
2.95 1339.29
0.91
23.19

Figure 7.3 Anodes with PVC stand.
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Figure 7.4 Holes for anode set identification.
Anode sets 860050 I - III were transported to Bridge #860050 where they were
cleaned with acetone prior to being placed in the channel (Fig. 7.5). Anode sets 860054 I
- III were transported to Bridge #860054 and processed the same way. The anodes from
each bridge site were retrieved at the intervals indicated in Table 7.2.
Following their retrieval, the anodes were bead blasted (with walnut shells or
similarly soft material) to remove any growth that had accumulated. The anodes were
weighed to determine the mass of metal which had been consumed over the exposure
period. The self consumption rate of magnesium for the bridge sites is reported in Table
7.2. Only two sets of anodes could be retrieved from the Bridge 860054 site because the
water was too murky on the day the last set of anodes was to be recovered.
The testing was done during the period when the resistivity was lowest (< 1000
Ω-cm); thus the results represent the greatest expected rate of self consumption for the
entire project period.

Figure 7.5 Anodes being placed underwater.
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Table 7.2 Self consumption rate for resistivity <1000 Ω-cm.
Month

ID

grams

grams

grams

Time Submerged
days

I

1

1311.63

1309.61

2.02

38

Specimen Identifier

Br #

860050

860054

Weight (Before)

Weight (After)

Mass Lost

Consumption
Rate
g/yr
19

I

2

1274.47

1272.37

2.09

38

20

II

1

1207.91

1203.80

4.11

104

14

II

2

1165.76

1160.90

4.86

104

17

III

1

1208.61

1202.60

6.01

128

17

III

2

1188.07

1181.27

6.80

128

19

I

1

1750.85

1746.72

4.13

38

40

I

2

1412.29

1408.42

3.87

38

37

II

1

1459.28

1451.30

7.98

104

28

II

2

1455.18

1447.80

7.38

104

26

III

1

1347.37

III

2

1339.29

Could not be recovered

*Note: Values shown are in metric for use in the formula for lifetime predictions.

Estimation of Time for Complete Anode Consumption
The self consumption rates of the submerged anode specimens were relatively
modest, ranging from 14 to 40 g/y. The average values were 18 g/y (0.039 lbs/year) and
33 g/y (0.072 lbs/year) for the specimens at Bridge #860050 and 860054, respectively.
Taking into account the surface area of the anodes and the density of the anode alloy,
approximated to be that of magnesium (1.74 g/cm3), the mass loss values were converted
to an equivalent corrosion rate resulting in 0.23 mm/y (8.92 mpy) and 0.39 mm/y (15.2
mpy) for bridge #860050 and 860054 respectively. These results were then used to
estimate the corresponding mass loss rate in anodes of similar size to those mounted to
the piles, assuming the same density as above. The anode surface area was approximately
2961 cm2 (459 in2) based on the nominal anode dimensions. The resulting estimated selfconsumption rate was 69 g/y (0.15 lbs/y) r and 119 g/y (0.26 lbs/y) for bridge #860050
and 860054 respectively. For ease of comparison with data expressed elsewhere in this
report in terms of delivered current, the mass loss rate was then converted to an
equivalent current using Faradaic conversion per Equation [7.1].
W = I*t*M / (n*F)
where:
W = mass lost (grams)
I = current (A)
t = time period (seconds)
M = atomic weight of Mg
n = number of electrons in the oxidation reaction (n=2, assuming formation of Mg+2)
F = Faraday’s Constant (96500 C/mol)
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[7.1]

The resulting conversion factor was 8.75 lbs/A-year. The anode self consumption
loss calculated was equivalent to current values of 17 and 30 mA for Bridge #860050 and
860054 respectively. These values were then added to the current values corresponding
to the different resistors inserted in the circuit (discussed in detail in Section 7.4) to
obtain by application of Eq. 7.1 an estimated rate of anode consumption. By making the
rough assumption that the rate of consumption remains constant with time, a projected
time for complete anode consumption was then estimated for the various resistor cases.
The results are presented in Tables 7.3 and 7.4. Sample calculations are provided in
Appendix C.
It is emphasized that these calculations apply to the environmental conditions
encountered during the latter part of the monitoring period, and the assumption that those
conditions will remain unchanged. The latter part of the period corresponded to the more
aggressive conditions (lowest resistivity), but should periods of further markedly reduced
water resistivity develop in the future, anode consumption could accelerate with
consequent decrease in the projected anode lifetime.
Table 7.3 Projected time for complete anode consumption for bridge #860050.
Resistance (Ω)

Anodic Current (mA)

Self Consumption (mA)

Time (years)

0.1

96

17.3

24

1

62

17.3

35

3

49

17.3

42

5

42

17.3

46

150
5.1*
17.3
123
*Note: this current is insufficient to adequately protect the piles; anodic current must be at least 40 mA to
provide a minimum current density of 2mA/ft2per the criterion adopted here.

Table 7.4 Projected time for complete anode consumption for bridge #860054.
Resistance (Ω)

Anodic Current (mA)

Self Consumption (mA)

Time (years)

0.1

132

30.2

17

1

72

30.2

27

3

60

30.2

30

5

53

30.2

33

4.7*

30.2

79

150
*See Note for Table 7.3

The values obtained in Tables 7.3 and 7.4 were compared to values obtained
using a flat 0.5 efficiency factor as specified by the US Army Corp of Engineers [6.5].
Use of that value is equivalent to assuming that the current equivalent to the selfconsumption rate of the anode is equal to the delivered anodic current. The predicted
times for complete consumption using this method are given in Table 7.5.
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Table 7.5 Projected time for complete anode consumption using a 0.5 efficiency factor.
Bridge #860050
Resistance (Ω) Anodic Current (mA)
0.1
96
1
62
3
49
5
42
150
5.1*
*See Note for Table 7.3

Bridge #860054

Time (years)
14
22
28
33
269

Anodic Current (mA)
132
72
60
53
4.7*

Time (years)
10
19
23
26
292

With the exception of the cases for the 150 Ω resistance, the projections made
using the self-consumption coupon data were somewhat more optimistic than those
obtained using the nominal 0.5 efficiency factor. This is to be expected since the current
for self consumption, although equal to an appreciable fraction of the delivered anodic
current, was not quite equal to it. Nevertheless, the projections for both approaches when
the system is delivering substantial protection are still in the same order and similar
relative general conclusions on the effect of the resistor apply. The results diverge for the
150 Ω resistor case, because self consumption, for that value of resistance, is the main
mode of consumption and the 0.5 factor is no longer meaningful. However, that case is
of no great practical interest as the protection effect of the system is minimal for such a
condition.
The results presented in Tables 7.3 to 7.5 indicate that the life of the anodes could
be significantly extended, by about a factor of 2, by increasing the in-circuit resistance
while still providing appreciable cathodic protection. The proportional increase is about
the same when using the self-consumption data inferred from the field specimens, or
when using the flat 0.5 efficiency factor.
Useful Anode Lifetime
The above calculations were made assuming for simplicity that the anodes would
always deliver the same value of current and would be able to achieve 100%
consumption. In actual service, anodes become ineffective before total consumption is
reached because of the loss of continuity and other sources of current decay. It is
customary to account for that decline by means of an utilization factor of 0.8 [7.2] to be
applied to the time for total anode consumption thus obtaining an useful anode lifetime.
Application of that factor to the values obtained in the previous section resulted in useful
service life time projections detailed in Table 7.6, for the case where the selfconsumption data where obtained from the field specimens. Comparable corrections
apply when using the flat 0.5 efficiency factor assumption. The same relative advantage
of using an inserted resistor applies as noted in the previous section.
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Table 7.6 Expected anode lifetime using a 0.8 utilization factor.
Time (years)

Resistance (Ω)

Bridge #860050
0.1
19
1
28
3
33
5
37
150*
98*
*See note on previous tables on applicability of this condition
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Bridge #860054
14
21
24
26
63*

Anode Switching Systems

Two types of anode switching methods may be useful for extending the anode life
and minimizing maintenance. The first of which switches the in-circuit anode material
and the second switches the regulating resistor. Switching the in-circuit anode refers to
having two parallel anode systems, one of magnesium and the other using zinc. In both
cases, the anodes would be located appropriately for the targeted projection zone, with
consideration for the current throwing distance or tributary area from each anode. The
physical connections would necessarily be electrically isolated with the physical/wired
circuit between the pile and anode routed through a switching box located in a dry and
serviceable position. Each anode pair (one Mg and one Zn) would need a single-pole,
double-throw (SPDT) switch or relay to simplify the change-over. Fig. 7.6 shows the
side-by-side anode configuration consisting of both zinc and magnesium anodes that
could be switched using relays.
In variable water quality environments (like the Alligator Alley sites) a
magnesium anode essentially “overprotects” the steel whereby it provides excessive
(unnecessary) current and potential reduction. To date, the anode material selection has
targeted the purest water conditions (low conductivity) and therefore is too effective in
the high conductivity seasons. In fact, even in low conductivity seasons the steel has
been shown to have been “overprotected”. Anode consumption may be reduced by
inserting a resistor between the anode and the steel being protected. These resistors can
be seasonally changed to optimize steel potential and the cathodic protection.
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SPDT Switch or Relay

Pile Cap

H‐Pile

Zinc Anode Bank

Magnesium Anode Bank

Figure 7.6 Anode switching conceptual layout.
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Anode Material Switching
A system utilizing a series of relays can be installed on bridge piles to selectively
switch between zinc and magnesium anodes that are both bolted to the piles (Fig. 7.6).
Relays are switches energized by a magnetic coil or solenoid and are generally equipped
with normally open (NO) and normally closed (NC) connector terminals as well as a
common (C) terminal (SPDT). Relays can be activated by high or low AC or DC
voltages, depending on the application. For long-term applications where both states are
equally engaged, standard relays are impractical as one of the two states requires
continuous activation voltage. Ideally, for the three anodes being switched, a single
TPDT (triple pole double throw) relay or switch would be needed so that all anodes
would be simultaneously changed from one anode material to the other.
A latching relay is a specialized form of relay that can make either one of the
above connections without requiring continuous energizing. These relays refer to the two
states NC and NO with terms of “set” and “reset”. Set changes the connection of the C
terminal from NC to NO while Reset changes it back. Either two energizing coils are
used to flip the internal switch back and forth or a single coil is used with a reversed
polarity excitation. Fig. 7.7 shows the latching relay.

Figure 7.7 DPST latching relay set and reset by an excitation voltage on two different
control terminals [7.3].
For this project, the CR1000 data acquisition and control system has 3 switched
analog outputs (CR800 has two) that can be activated remotely via cellular modem and
are programmable to ±2500 mV with a maximum current draw of 25mA. These are
normally used to provide excitation voltage to various sensors but can be used to
intermittently power peripheral devices. For higher current devices both the CR1000 and
CR800 have a single unregulated 12VDC switchable output with a maximum current
draw of 3A. Fig. 7.8 shows a purposed wiring diagram for a circuit which could be used
to select anode materials using the in-place remote data collection system.
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SW-12V

EXT-2.5V

Zn Anode
3

PILE

Mg Anode
3

Zn Anode
2

PILE

Mg Anode
2

Zn Anode
1

PILE

Mg Anode
1

Battery
12V

Figure 7.8 Latching relay configuration for selecting anode materials remotely.
Current Regulating Resistor Switching
Given the remoteness of the bridges, remote switching of the resistors is
preferable and in essence is the focus of this study. To this end, a circuit was developed
with four preset resistor values that provide appropriate protection given the range of
water qualities experienced over the initial year of monitoring.
The design of the Campbell Scientific data loggers provided only two means of
remotely commanding devices. The first is the switch 12 voltage (SW-12V) that, on
command, can provide a voltage of 12 volts. The second is the excitation voltage (Ex V)
that can vary from 0 to 2500 mV. The excitation voltage, because it could be varied, was
chosen as the means of enabling the selection of the resistance. This was done by using a
LM339 comparator (Fig. 7.9).
The comparator circuit shown in Fig. 7.9 is used to “compare” 4 voltage
thresholds against an input signal and is typically used for powering sequentially lit LEDs
[7.4]. This device was the basis of the regulating resistance selector circuit. As an input
logic voltage is received from the Campbell Scientific data logger, it sequentially puts
more resistors in parallel thus sequentially decreasing the anode circuit resistance.
The excitation voltage from the data logger controller can be set to a range from 0
to 2500 mV; the four threshold comparator voltages (0.5, 1.0, 1.5, and 2.0 volts) were set
by dividing a 12 volt power source with 5 series resistors. The first resistor (R1) needed
to drop the 12 volt power supply down to the maximum excitation voltage (2.0V) with
the subsequent resistors providing the 4 levels of excitation voltages. The first resistor
(R1) was calculated to be 100 kΩ, while R2 through R5 were determined to be 4.7 kΩ in
order to achieve the desired voltages while minimizing the current draw on the system
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battery. If the excitation voltage range of the CR1000 was different (or a different system
was used), different resistors would have been necessary.

Figure 7.9 Comparator circuit diagram.
The circuit, using the LM339 functions by activating the first series of relays
when excited by 0.5 V from the CR1000. This engages a 4 Ω resistance. The system
progresses in 0.5 V increments (0.5, 1, 1.5, 2) which engages an additional resistor in
parallel with every threshold exceeded. The result is a range of effective resistance of 1 to
4 Ω in steps of 1 Ω. The circuit is reset, either to perform an instant off test or to increase
the value of the resistance with a lower excitation voltage. This is done by setting the
excitation voltage to 0V, and activating the SW-12 output, thereby resetting all the relays.
Figs. 7.11 and 7.12 show the top and bottom copper traces used on the circuit
board, respectively. Fig. 7.13 shows the finished circuit board with all components
installed, and Fig. 7.14 shows the bottom of the finished board.
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Figure 7.10 Anode resistance selector circuit wiring diagram.
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Figure 7.11 Top copper trace.

Figure 7.12 Bottom copper trace.
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Resistor

Latching Relay

Voltage Regulator

High Value Shunt Resistor

Figure 7.13 Top of regulating resistance circuit.
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LM339

Transistor

Figure 7.14 Bottom of regulating resistance circuit.

Key Components
As mentioned above, the LM339 is one of the most vital components of the
resistor selection circuit, however due to the limitations of the CR1000 and the LM339,
additional components were needed for the circuit to perform as desired.
Voltage Regulator
The data logger 12 volt power supply is an unregulated power source. The
comparator circuit requires a stable reference voltage; therefore a 12 volt power regulator
(LM7012) was placed within the circuit board to regulate the 12 V source and the 4 levels
at the designed voltages. However, the voltage regulator does not regulate the voltage to
the rest of the circuit board as the power required for the latching relays is 12 V
minimum. The latching relays as well as the supply voltage to the comparator circuit are
supplied with an unregulated 12 volt power source, which is nominally the same as the
battery voltage (up to 13.8 V).
High Value Shunt Resistor
Although the excitation voltage from the CR1000 was directly connected to the
LM339 circuit, the measured voltage to the comparator input fluctuated above the
threshold ranges when set to 0V. In essence, the terminal acted like an open circuit and
was susceptible to stray voltages. As a result a 1 MΩ resistor was installed between the
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comparator input and ground (shorted) to collapse the stray voltages. However, the high
value of the resistor resulted in little to no draw when other excitation voltages were
enabled (e.g. 0.5, 1.0, 1.5 and 2.0 V).
Latching Relays
The latching relays used in this circuit are the same ones for the proposed Anode
Material Switching System (12-1HD-L2555). These are dual coil units that require two
separate voltage sources to “set” and “reset” the relay. The latching units are desirable
because unlike other forms of relays, these do not require a constant current in order to
maintain a connection. These, instead, require current only to switch positions and will
then remain in that position until current is sent from the other voltage source. This
system is also beneficial in that in the event of a power failure, the relay (and anode) will
remain connected or in the last state specified. These relays each have a contact rating of
5A and are rated for 250VAC or 30VDC. They require a nominal activation voltage of
12VDC, and have a current draw of 25mA during the switching action (300mW required
power). As twelve latching relays were used in this circuit, the total power required was
3600mW. The comparator had a maximum power dissipation of 1500mW which was
only able to activate 5 of the 12 relays within the circuit. Therefore, transistors were used
to bolster the circuit power output.
Transistors
To overcome the output power limitation of the LM339, 4 PNP transistors
(2N3906) were used. These units have a Collector-Emitter voltage of -40V, a CollectorBase voltage of -40V, an Emitter-Base voltage of -5.0V, and a Continuous Collector
Current of -200 mA. Each leg of the LM339 would therefore activate a transistor that
would in turn close the ground connection to the unregulated 12V supply. This supply
would then provide the current required to activate the 3 relays triggered by each
transistor (25 mA/relay * 3 relays = 75 mA < 200 mA).
Circuit Evaluation
The resistor selection circuit was installed on Bridge #860054. The system was
installed and the resistance of the circuit was changed in 1 Ω increments from the
maximum of 4 Ω down to the minimum of 1 Ω, and then back up to 2 Ω. The
corresponding anodic current and steel potential can be found in Fig. 7.15. However, a
latching relay within the Anode 2 bank of the circuit has failed and as a result only 2
ohms is achieved during the 1 ohm selection.
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Figure 7.15 Current using the regulating resistance circuit.

7.4

Performance Evaluation

As indicated in Section 6.2, the performance of a cathodic protection system can
be determined by measuring the level of polarization achieved and comparing it with the
100 mV criterion value. The evaluation starts by performing an “instant-off” test
whereby a value for the potential of the pile is recorded immediately after the anodes
have been disconnected, thus eliminating the obscuring effect of potential drops in the
medium. As there were three anodes connected to each pile, it was not practical to
manually disconnect all of them simultaneously without special wring. To achieve
simultaneous disconnection automatically, the latching relays were incorporated into an
“instant-off” circuit. This circuit allowed for a single excitation voltage to remotely
connect or disconnect all three anodes at the same time. This system was used to perform
“instant-off” tests for assessing system performance and to develop the relationship
between the observed “on-potential” and the true “instant-off” potential.
Instant-Off Circuit
The instant off circuit used was a simpler version of Fig. 7.8. This circuit uses
only one side of the anodes (magnesium) and places a regulating resistor in-line with
each anode. The voltage drop across the regulating resistor is monitored to determine the
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current provided by the anodes to the steel. Fig. 7.16 shows the circuits used to perform
“instant-off” testing.
Each pile required 3 latching relays to simultaneously disconnect all three anodes.
In this configuration, one signal (red wire) is sent to all relays at the same time to ensure
an instantaneous disconnection of the anodes from the steel, a second signal (brown wire)
is used to reset the relay and reconnect the anodes to the pile. The relays required 12V
excitation in order to trigger, while the data loggers only had one channel to perform this.
The transistors were therefore used to close a ground connection, using a 2.5V excitation,
between the battery and relays. In this manner, the 12V Excitation (SW-12) connected
the anodes and the 2.5V excitation (EXT-2.5) disconnected the anodes. A custom circuit
board was designed and built to connect the components (Fig. 7.17).
SW-12V

EXT-2.5V

Battery
12V

PILE

Figure 7.16 Wiring diagram for the instant-off circuit.
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PILE
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ANODE 3

RESISTOR

ANODE 2

PILE

ANODE 1

RESISTOR

(a)

(b)

Transistor

(c)

(d)

Figure 7.17 (a) Printed pattern on the copper plate; (b) Copper plate after etching; (c)
Individual boards with relays installed; (d) Finished relay circuit.
Current-Polarization Relationship
A series of “instant-off” tests were performed using 0.1 Ω, 1 Ω, 3 Ω, 5 Ω, and 150
Ω regulating resistors (See Appendix D). The “instant off” potentials were plotted versus
the corresponding anodic current in Figs. 7.18 through 7.20. The plots contain data for
the three bridge sites for four steel conditions and three anode conditions. The plots
contain the values for the On potential of the steel and anodes (Steel ON and Anode ON),
the “instant off” potential of both metals (Steel IO and Anode IO), along with the 4 hour,
and 24 hour depolarization values for the steel (Steel 4 hr and Steel 24 hr), and finally the
depolarized potentials (Steel DP and Anode DP).
The NACE 100 mV depolarization criterion discussed in Section 6.2 was adopted
for determining the effectiveness of the system in this instance. The depolarization, to be
compared with the 100 mV criterion, was given by the difference in value between the
Steel IO value and the Steel DP value. That comparison can be made by examination of
each plot, or more conveniently by the differential graph in Fig. 7.21.
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Figure 7.18 Current-polarization relationship for Bridge #860050 east pier.
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Figure 7.19 Current-polarization relationship for Bridge #860050 west pier.
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Figure 7.20 Current-polarization relationship for Bridge #860054.
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All the graphs yielded similar trends in that only the installation of the 150 Ω
resistor did not result in a depolarization of at least 100 mV. This suggests that the
installation of a regulating resistor, with the desired range of 1 Ω to 5 Ω, could still
provide adequate protection to the steel while extending the lifetime of the anodes.
With reference to the current density cathodic protection criterion discussed in
Section 6.2, it is noted that the 100 mV criterion was nominally met in all three instances
by a current density of 2 mA/ft2, which was the value adopted for the earlier discussion.
This observation supports the validity of that adoption.

7.5

Summary and Recommendations

From Fig. 7.1, it is apparent that for the vast majority of the year the resistivity of
the water is such that magnesium is still deemed applicable based on the criterion stated
in Table 6.1. Even in the periods of extremely low recorded water levels in the channel,
the resistivity was still in the range of just under 1000 Ω-cm, which is still almost 50
times higher than it is for saltwater (the environment for which zinc is preferred).
Assessment of the self-consumption rate of the anodes indicated that under the
worst case environmental conditions encountered during the test period the rate was just
over ¼ lb per year for both sites. If conditions were similar in the past, self-consumption
would not appear to have been the primary cause of the short (2-3 year) anode lifetime
estimated for certain piles from previous reports.
Two remotely operated systems were built: (1) A system which could remotely
switch anode materials or perform depolarization tests; and (2) A system which could
regulate the circuit resistance and perform depolarization tests. Both systems proved
capable of performing their desired functions.
From assessment of the currents provided to the anodes, it was estimated that the
installation of an in circuit resistor within the range of 1 Ω to 5 Ω would provide adequate
polarization. These values, based on the anode lifetime predictions, would extend the
lifetime of the anodes by several years without jeopardizing the integrity of the piles if
environmental conditions remained as observed. It is therefore recommended that some
form of in line resistor be installed on the anodes to regulate the current, thereby
extending the service life.
The following criteria are therefore recommended for the remote selection
systems:
Anode Material Switching System
For the anode material switching system, the assessment of which material is to
be utilized is based strictly on the water resistivity values that are remotely obtained by
the monitoring systems. Based on the recommendations from Table 6.1 that were
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superimposed on Fig. 7.1, zones for anodic selection are evident. As there is an overlap
between 1500 and 2000 Ω-cm for both materials, the equal division of this zone will
yield discrete areas of applicability.
For resistivity values less than 1750 Ω-cm, the zinc anodes should be energized,
and for periods greater than this value, magnesium should be used. If these values were
applied over the monitored period, zinc would be selected from January 2010 until
approximately March 2010. At that point, the magnesium anodes would be energized,
and would remain so until approximately December 2010. At that point, the zinc anodes
would again be engaged until the end of the monitoring period.
Regulating Resistance Circuit
For the regulating resistance circuit, up to four possible resistances can be
selected. Fig. 7.15 shows that a range of 1 to 4 Ω can provide a suitable range of
resistances whereby a comfortable level of protection is provided. This circuit can be
used to ensure that a minimum current density of 2 mA/ft2 is provided to the piles under a
broad range of operating conditions. The anodic current can therefore be adjusted, using
the combination of resistors, to provide this current density in spite of the variability of
the resistivity of the water. In its present configuration, the system was designed so that
each anode was on a separate resistor bank, so that the current would be monitored. If
such a system were implemented in the field, one resistor could be used for an entire pile,
enabling the system, as is, to regulate the current of all the anodes on up to three piles.
If a system malfunction was to occur, whereby anode current data is unavailable
or questionable, this circuit can also be used to perform depolarization testing. If the
difference between the “instant-off” and depolarized potential is greater than 100 mV,
then the anodes would be deemed to be adequately protecting the steel.
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8. CONCLUSIONS AND RECOMMENDATIONS
8.1

Introduction

The goal of this project was to design, implement and evaluate remote monitoring
components and systems for substructures of two Broward County bridges, (Bridges
860050 and 860054) on I-75 over drainage canals that were protected by a sacrificial
anode cathodic protection system using magnesium anodes. The consumption of the
anodes in these systems is sensitive to the resistivity of the water in the drainage canal
that varies depending on the seasonal water quality.
The deliverables from the project are summarized in Section 8.2. Laboratory and
field investigations undertaken led to findings listed in Section 8.3. Recommendations for
future work are outlined in Section 8.4.
8.2

Deliverables

A remote monitoring system was evaluated following the project specifications
that used solar power and wireless transmission. The system was designed to evaluate
both pier to pier and long distance data transmission. Commercially available sensors
monitored temperature, humidity, water resistivity, water level, anodic current and steel
potential. A Campbell Scientific data acquisition system was installed to record data that
was periodically transmitted to the USF campus via cellular network. Barring minor
problems, all systems performed satisfactorily over the duration of the monitoring that
commenced in January 2010. An analysis of the data is presented in Chapter 6.
A website was developed and updated regularly (daily) with the remotely
collected data. It contained a webpage with links for both bridges (Fig. 8.1), graphs for
all of the data which was recorded throughout the monitoring period (Fig. 8.2), tabulated
values of all the recorded data (Fig. 8.3), and underwater videos of each pile in the piers
from both bridges (Fig. 8.4). The address for the website is:
http://geotech.eng.usf.edu/FDOT%20Remote%20Monitoring.html
A circuit incorporating latching relays was developed and installed to remotely
disconnect anodes and conduct remote de-polarization tests. This system will be handed
over to FDOT following completion of the study. Full details are given in Chapter 7.
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Figure 8.1 USF webpage containing two additional links for bridges #860050 and
#860054.

Figure 8.2 Sample graphs page.
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Figure 8.3 Sample tables page.

Figure 8.4 Sample videos page.
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8.3

Findings

1. The remote monitoring and control system operated successfully over an extended
period of time and under aggressive environmental conditions.
2. The excessive consumption of some of the anodes that were in place before this
investigation commenced could have been the result of steel debris dumped in the
drainage canal that was in close proximity, if that debris had been in effective
electronic contact with the piles.
3. The commercially available resistivity probe selected for the project performed well.
The only information processing problems encountered were with a faulty data logger
and cellular modem. The data logger and modem were replaced and the cellular
connection was enhanced by replacing the standard antenna with a high gain antenna.
It is likely that this problem resulted from lightning damage.
4. For the duration of the study, the water resistivity ranged from about 1000 to 2700 Ωcm. Based on the US Army Corps of Engineers criteria in Table 6.1 and illustrated in
Fig. 7.1, magnesium anodes are suitable for about nine months of the year. However,
this study showed that even in those months, the anodic current was in a range that
could permit regulation using the remote switching circuit developed in this project.
In the remaining three months, the water resistivity fell below the recommended
usage range for magnesium anodes making circuit resistance regulation highly
desirable to assure anode longevity. The same system also allows de-polarization tests
to be performed remotely.
5. Water resistivity was found to be lower when the water level decreased (Fig. 6.12 and
6.13), suggesting the possibility of estimating water resistivity from the water depth
after an appropriate calibration period, as a separate verification measure.
6. A limited study was conducted to determine the self-consumption rate of the
magnesium anodes. For the period of lowest water resistivity it was estimated that the
self-consumption rate of a typical 24 lb magnesium anode was 0.15 to 0.26 lb/year.
7. A prototype resistance regulating circuit was designed, fabricated and tested on-site to
improve the efficiency of sacrificial cathodic protection system by extending the life
of the anodes. The circuit can also be used to conduct remote instant-off, depolarization, or polarization tests and also to vary the in-circuit resistance of the
anodes to regulate the current draw. That approach resulted in the projected useful
anode life of 19 to 37 years for Bridge #860050 and 14 to 26 years for Bridge
#860054 (Table 7.6).
8. A logic decision criterion based on remotely acquired de-polarization data was
established for when to change anodes or anode current resistance.
9. The prototype circuits were also successfully used to conduct remote de-polarization
tests for diagnostic purposes.
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8.4

Future Work / Recommendations

Website Maintenance
FDOT personnel will need to be trained with the Campbell Scientific data
collection system and Excel spreadsheet to maintain the data collection and website for
both bridges. LoggerNet was not purchased for this project (the University had rights to
the software prior to the start of this project) and therefore will need to be purchased by
FDOT. Alternatively, the University can be contracted to maintain the data collect and
website for FDOT, if needed.

Universal Connector
The relay system developed to optimize the performance of the magnesium
anodes is very versatile but since it requires a monitoring system, it is impractical to
implement it system-wide on all similarly protected piles in the region. This requires a
solution that can effectively limit the anodic current while simultaneously eliminating the
need for monitoring.
Fig. 8.5 shows a conceptual drawing of a proposed universal connector that could
be used to solve this problem. In the envisioned solution, a fixed value, say 2Ω resistor
(its magnitude will be established from additional monitoring data for Bridges
860050/54) is inserted in between the anode and the steel being protected using the
modified connector developed in this study. This simple circuit must be waterproof and
robust enough to resist installation bolting torque.

Figure 8.5 Magnesium anode with integrated resistor.
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Figure 8.6 Drainage canal access to bridge #860050 blocked by low water.
Additional monitoring is needed because the data collected over the 2010-11
project duration coincided with a historic dry spell in which parts of the drainage canal
disappeared as shown in Fig. 8.6.

Underwater Survey
The efficiency of the CP system might be further improved if metallic debris
resting on the drainage canal bed (see Fig. 2.7) in metallic contact with the steel piles is
identified and removed. That debris may have been responsible for the short (2-3 year)
anode lifetime estimated for certain piles from previous reports, since the projected anode
life taking into consideration site-specific self-consumption and in the absence of a
marked decrease of resistivity was estimated to be between 14 and 37 years (Table 7.6).
The survey should also determine the length of the concrete jacket covering the steel piles
to identify situations such as shown in Fig. 8.7 where the steel pile is exposed due to a
drop in the water level in the canal.

Figure 8.7 Steel section exposed due to dry weather and consequent low water elevation.
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Anode Material Selection
This study showed that if the environmental conditions remain in the observed
range, magnesium anodes may be suitable for protecting the steel piles throughout the
year with regulated currents (to minimize unnecessary protection / anode depletion).
However, if an anode material selection system is considered, zinc anodes need to be
evaluated for self consumption rates and current density within the water conditions
provided on Alligator Alley.
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Appendix A

A-1

Advanced Environmental Laboratories, Inc
9610 Princess Palm Avenue
Tampa, FL 33619
Phone: (813)630-9616
Fax: (813)630-4327

ANALYTICAL RESULTS
Workorder: T1108895 Remote Monitoring Project

Lab ID:

T1108895001

Date Received: 07/08/11 09:41

Sample ID:

Bridge #860050

Date Collected: 06/30/11 13:00

Sample Description:
Parameters

Chloride
Sulfate

RegLmt

Units

Qual

DF

Adjusted
PQL

Adjusted
MDL

5.0
5.0

2.0
0.99

mg/L
mg/L

1
1

Lab ID:

T1108895002

Date Received: 07/08/11 09:41

Sample ID:

Bridge #860054

Date Collected: 06/30/11 14:00

Sample Description:

WET CHEMISTRY
Analysis Desc: IC,E300.0,Water
Chloride
Sulfate

Analyzed

Lab

7/18/2011 18:50
7/18/2011 18:50

T
T

Analytical Method: EPA 300.0
72
9.7

Parameters

Water

Location:
Results

WET CHEMISTRY
Analysis Desc: IC,E300.0,Water

Matrix:

Matrix:

Water

RegLmt

Location:
Results

Units

Qual

DF

Adjusted
PQL

Adjusted
MDL

5.0
5.0

2.0
0.99

Analyzed

Lab

7/18/2011 19:18
7/18/2011 19:18

T
T

Analytical Method: EPA 300.0
94
12

mg/L
mg/L

1
1

Report ID: 172944 - 3756174
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CERTIFICATE OF ANALYSIS
This report shall not be reproduced, except in full,
without the written consent of Advanced Environmental Laboratories, Inc.
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Appendix B

B-1

The Campbell Scientific data loggers were programmed with CRBasic through
LoggerNet and shown below for each system.
Bridge #860050 West Pier
'CR1000
'################## Voltage Readings #########################################
Public Batt_Volt
Public DiffVolt(5)
Units Batt_Volt=Volts
Units DiffVolt=mV
'################### Thermocouple ###########################################
'Declare Variables and Units
Public Temp_F(2)
Public PTemp_C
Units Temp_F=Deg F
Units PTemp_C=Deg C
DataTable(Table1,True,-1)
DataInterval(0,1,Hr,10)
Sample(1,Batt_Volt,FP2)
Sample(1,PTemp_C,FP2)
Sample(1,DiffVolt(1),FP2)
FieldNames("Anode_1")
Sample(1,DiffVolt(2),FP2)
FieldNames("Anode_2")
Sample(1,DiffVolt(3),FP2)
FieldNames("Anode_3")
Sample(1,DiffVolt(4),FP2)
FieldNames("WestRf")
Sample(1,DiffVolt(5),FP2)
FieldNames("EastRf")
EndTable
'################## Conductivity Probe ##################################
Public Rcable,Rp,CellConstant,TempCoef
Public Rs,Ct
',Rsc,dwRs,Rscb
Public TempDeg_C
Public C25mScm_1
Public Rstvy 'Resistivity
Units Ct=mS/cm
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Units Rstvy=ohm-cm
Dim OneOvrRs,Ct100,A,TC_Proces
DataTable(ECSample,True,-1)
DataInterval(0,1,Hr,10)
Sample(1,Ct,FP2)
Sample(1,TempDeg_C,FP2)
Sample(1,C25mScm_1,FP2)
Sample(1,Rstvy,FP2)
Sample(1,Rs,FP2)
'Sample(1,Rsc,FP2)
'Sample(1,Rscb,FP2)
'Sample(1,dwRs,FP2)
'Sample(1,Vex1,FP2)
'Sample(1,dwI,FP2)
'Sample(1,R2,FP2)
'Sample(1,R2s,FP2)
EndTable
'#################Temperature & RH Probe ##################################
Public AirTC
Public RH
Units AirTC=Deg F
Units RH=%
DataTable(Temp_RH,True,-1)
DataInterval(0,1,Hr,0)
Average(1,AirTC,IEEE4,0)
Sample(1,RH,IEEE4)
EndTable
'############### Sonic Ranger ##############################################
Public SR50(2)
Alias SR50(1)=Raw_Dist
Alias SR50(2)=SignalQuality
Public Temp_Corr_Distance
Public Air_Temp
Public Water_Level
'Declare the initial distance of the SR50A from the ground in meters:
Const Initial_Distance=2.5
'Define Data Tables:
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DataTable(WaterLevel,true,-1)
DataInterval(0,1,Hr,0)
Sample(1,Water_Level,FP2)
EndTable
'################################## Main Program #############################
'############################################################################
BeginProg
Rcable=50 'edit this value to the actual cable length in ft
CellConstant=1.414 'cell constant is provided on the sensor cable (Kc)
TempCoef=2 'see section 9 of the manual for explanation of how to determine
Scan(1,Min,3,0)
'ExciteV(Vx3,2500,0)'Connect
SW12(1) ' Disconnect
'############################ Voltage Readings ################################
'Default Datalogger Battery Voltage measurement Batt_Volt:
Battery(Batt_Volt)
'Generic Differential Voltage measurements DiffVolt(1):
VoltDiff(DiffVolt(1),5,AutoRange,1,True,0,_60Hz,1.0,0.0)
'############################ Conductivity Probe ##############################
'make preliminary measurement of resistance in KOhms to determine best range
code
BrFull(Rs,1,mV2500,7,VX1,1,2500,True,True,0,250,-.001,1)
Rs=1*Rs/(1.0-Rs)
'test the initial measurement to then make a more accurate measurement
Select Case Rs
Case Is<1.8
BrHalf (Rs,1,mV2500,14,VX1,1,2500,True,0,250,1,0)
Rs=Rs/(1-Rs)
Case Is<9.25
BrFull (Rs,1,mV2500,7,VX1,1,2500,True,True,0,250,-0.001,1)
Rs=Rs/(1-Rs)
Case Is<280
BrFull (Rs,1,mV250,7,VX1,1,2500,True,True,0,250,-0.001,1)
Rs=Rs/(1-Rs)
EndSelect
'Subtract resistance errors (Rp) caused by the blocking capacitors
'(0.005Kohm and the cable length (0.000032Kohm/ft)
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Rp=-Rcable*(0.000032)-0.005
Rs=Rs+Rp
'EC is then calculated by multiplying the reciprocal of the resistance,
'which is conductance, by the cell constant
OneOvrRs=1/Rs
Ct=OneOvrRs*CellConstant
'the following corrects for error of ionization in the EC measurement
If Ct<0.474 Then
Ct=(Ct*0.95031)-0.00378
Else
Ct=-0.02889+0.98614*Ct+0.02846*Ct^2
EndIf
'correct errors in the EC measurement due to temperature
Therm107(TempDeg_C,1,11,VX2,0,_60Hz,1.0,0)
C25mScm_1 = (Ct*100)/(((TempDeg_C-25)*TempCoef)+100)
Rstvy = 1/C25mScm_1*1000
CallTable(ECSample)
'#####################################################################
'############################# TEmperature & RH Probe #################
' SW12(1)
Delay(0,150,mSec)
VoltSe(AirTC,1,mV2500,15,0,0,_60Hz,0.1,-40)
VoltSe(RH,1,mV2500,16,0,0,_60Hz,0.1,0)
SW12(0)
If RH>100 AND RH<108 Then RH=100
AirTC = AirTC*1.8+32
CallTable(Temp_RH)
'#######################################################################
'############################## SONIC RANGER ##########################
'measure the SR50A:
'Use SDI12 command "M1!" to receive Distance
'and Signal Quality from the SR50AT
SDI12Recorder(SR50(),7,0,"M1!",1,0)
'Measure the 107 temperature sensor:
' Therm107(Air_Temp,1,1,VX1,0,250,1.0,0)
'Use Air_temp to calculate corrected distance:
Water_Level=Raw_Dist*(SQR((PTemp_C+273.15)/273.15))
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Water_Level=Water_Level*3.2808 'FT

'Call Data Table and Store Data:
CallTable(WaterLevel)
NextScan
EndProg
Bridge #860050 East Pier
'CR800
'Declare Variables and Units
Public Batt_Volt
Public DiffVolt(3)
Units Batt_Volt=Volts
Units DiffVolt=mV
'Define Data Tables
DataTable(CR800_A,True,-1)
DataInterval(0,1,Hr,10)
Sample(1,Batt_Volt,FP2)
Sample(1,DiffVolt(1),FP2)
FieldNames("B2_Anode_1")
Sample(1,DiffVolt(2),FP2)
FieldNames("B2_Anode_2")
Sample(1,DiffVolt(3),FP2)
FieldNames("B2_Anode_3")
EndTable
'Main Program
BeginProg
Scan(1,Min,1,0)
SW12(1)' Disconnects
'ExciteV(ex1,2500,0) ' Connects
'Default Datalogger Battery Voltage measurement Batt_Volt:
Battery(Batt_Volt)
'Generic Differential Voltage measurements DiffVolt(1):
VoltDiff(DiffVolt(1),3,AutoRange,1,True,0,_60Hz,1.0,0.0)
'Call Data Tables and Store Data
CallTable(CR800_A)
SW12(0)
NextScan
EndProg
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Bridge #860054 West Pier
'################## Voltage Readings ########################################
Public Batt_Volt
Public DiffVolt(4)
Units Batt_Volt=Volts
Units DiffVolt=mV
'################### Thermocouple ##########################################
'Declare Variables and Units
Public Temp_F(1)
Public PTemp_C
Units Temp_F=Deg F
Units PTemp_C=Deg C
DataTable(Table1,True,-1)
DataInterval(0,1,Min,10)
Sample(1,Batt_Volt,FP2)
Sample(1,PTemp_C,FP2)
Sample(1,DiffVolt(1),FP2)
FieldNames("Anode_1")
Sample(1,DiffVolt(2),FP2)
FieldNames("Anode_2")
Sample(1,DiffVolt(3),FP2)
FieldNames("Anode_3")
Sample(1,DiffVolt(4),FP2)
FieldNames("Ref")
Sample(1,Temp_F(1),FP2)
FieldNames("TCAir")
EndTable
'########################################################################
'################### Conductivity Probe #####################################
Public Rcable,Rp,CellConstant,TempCoef
Public Rs,Ct
',Rsc,dwRs,Rscb
Public TempDeg_C
Public C25mScm_1
Public Rstvy 'Resistivity
Units Ct=mS/cm
Units Rstvy=ohm-cm
Dim OneOvrRs,Ct100,A,TC_Proces
DataTable(ECSample,True,-1)
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DataInterval(0,1,Hr,10)
Sample(1,Ct,FP2)
Sample(1,TempDeg_C,FP2)
Sample(1,C25mScm_1,FP2)
Sample(1,Rstvy,FP2)
Sample(1,Rs,FP2)
EndTable
'###########################################################################
'############### Sonic Ranger ################################################
Public SR50(2)
Alias SR50(1)=Raw_Dist
Alias SR50(2)=SignalQuality
Public Temp_Corr_Distance
Public Air_Temp
Public Water_Level
'Declare the initial distance of the SR50A from the ground in meters:
Const Initial_Distance=2.5
'Define Data Tables:
DataTable(WaterLevel,true,-1)
DataInterval(0,1,Hr,0)
Sample(1,Water_Level,FP2)
EndTable
'#############################################################################
'################################## Main Program ##############################
'#############################################################################
BeginProg
Rcable=50 'edit this value to the actual cable length in ft
CellConstant=1.414 'cell constant is provided on the sensor cable (Kc)
TempCoef=2 'see section 9 of the manual for explanation of how to determine
Scan(1,Min,3,0)
'ExciteV(vx3,00,0)'disconnect
' SW12(1)'disconnect
SW12(0) ' connect
'ExciteV(vx3,600,0) ' connect - 4 ohms
'ExciteV(vx3,1100,0) ' connect - 3 ohms
ExciteV(vx3,1700,0) ' connect - 2 ohms
' ExciteV(vx3,2500,0) ' connect - 1 ohms
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'############################ Voltage Readings ################################
'Default Datalogger Battery Voltage measurement Batt_Volt:
Battery(Batt_Volt)
'Generic Differential Voltage measurements DiffVolt(1):
VoltDiff(DiffVolt(1),4,AutoRange,1,True,0,_60Hz,1.0,0.0)
'############################ Thermocouple Sensor#############################
'Wiring Panel Temperature measurement PTemp_C:
PanelTemp(PTemp_C,_60Hz)
'Type T (copper-constantan) Thermocouple measurements Temp_F(1):
TCDiff(Temp_F(1),1,mV2_5C,7,TypeT,PTemp_C,True,0,_60Hz,1.8,32)
'VoltDiff(DiffVolt(),2,AutoRange,7,True,0,_60Hz,1.0,0.0)
CallTable(Table1)
'############################################################################
'############################ Conductivity Probe ###############################
'make preliminary measurement of resistance in KOhms to determine best range
code
BrFull(Rs,1,mV2500,7,Vx1,1,2500,True,True,0,250,-.001,1)
Rs=1*Rs/(1.0-Rs)
'test the initial measurement to then make a more accurate measurement
Select Case Rs
Case Is<1.8
BrHalf (Rs,1,mV2500,14,Vx1,1,2500,True,0,250,1,0)
Rs=Rs/(1-Rs)
Case Is<9.25
BrFull (Rs,1,mV2500,7,Vx1,1,2500,True,True,0,250,-0.001,1)
Rs=Rs/(1-Rs)
Case Is<280
BrFull (Rs,1,mV250,7,Vx1,1,2500,True,True,0,250,-0.001,1)
Rs=Rs/(1-Rs)
EndSelect
'Subtract resistance errors (Rp) caused by the blocking capacitors
'(0.005Kohm and the cable length (0.000032Kohm/ft)
Rp=-Rcable*(0.000032)-0.005
Rs=Rs+Rp
'EC is then calculated by multiplying the reciprocal of the resistance,
'which is conductance, by the cell constant
B-9

OneOvrRs=1/Rs
Ct=OneOvrRs*CellConstant
'the following corrects for error of ionization in the EC measurement
If Ct<0.474 Then
Ct=(Ct*0.95031)-0.00378
Else
Ct=-0.02889+0.98614*Ct+0.02846*Ct^2
EndIf
'correct errors in the EC measurement due to temperature
Therm107(TempDeg_C,1,11,Vx2,0,_60Hz,1.0,0)
C25mScm_1 = (Ct*100)/(((TempDeg_C-25)*TempCoef)+100)
Rstvy = 1/C25mScm_1*1000
CallTable(ECSample)
'#############################################################################
'############################## SONIC RANGER ################################
'measure the SR50A:
'Use SDI12 command "M1!" to receive Distance
'and Signal Quality from the SR50AT
SDI12Recorder(SR50(),7,0,"M1!",1,0)
'Measure the 107 temperature sensor:
' Therm107(Air_Temp,1,1,VX1,0,250,1.0,0)
'Use Air_temp to calculate corrected distance:
Water_Level=Raw_Dist*(SQR((PTemp_C+273.15)/273.15))
Water_Level=Water_Level*3.2808 'FT
'Call Data Table and Store Data:
CallTable(WaterLevel)
SW12(0)
NextScan
EndProg
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Appendix C
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Sample Calculations of Time for Complete Anode Consumption / Useful Lifetime
General Properties:
Field Anode Weight
Magnesium Atomic Weight
Magnesium Density
n

=
=
=
=

F

=

24 lbs (10886 g)
24.305 grams per mole
1.74 grams per cm3
2 - number of electrons in the oxidation reaction (assume
formation of Mg+2)
9.65 104 Coulombs per equiv. (Faraday’s Constant)

Field Specimen
Length
Width
Thickness
Surface Area

=
=
=
=

18 in (45.72 cm)
9 in (22.86 cm)
2.5 in (6.35 cm)
459 in2 (2961 cm2)

Coupon Specimens
External Diameter
Internal Diameter
Average Thickness
Average Surface Area

=
=
=
=

8 in (20.32 cm)
1 in (2.54 cm)
0.83 in (2.12 cm)
120 in2 (773.5 cm2)

Anode Dimensions

Projection for Bridge #860050 for 3 Ω resistance (Using Field Self Consumption Data)
SELF CONSUMPTION RATE
Specimen consumption rate: 17.91 grams per year (rounded-off value listed in Table 7-2)
Convert to cm/year
-

Divide consumption rate by the surface area of the specimen
17.91 g/yr ÷ 773.5 cm2 = 0.0231 g/cm2 yr

-

Divide the rate in grams / cm2 year by the density of magnesium
0.0231 g/cm2yr ÷ 1.74 g/cm3 = 0.0133 cm/yr

Determine consumption rate for 24 lb anode
-

Multiply consumption rate in cm/year by the surface area of the 24 lb anode
0.0133 cm/yr x 2961 cm2 = 39.38 cm3/yr

-

Multiply the rate in cm3/year by the density of magnesium
39.38 cm3/yr x 1.74 g/cm3 = 68.52 g/yr = 2.173 x 10-6 g/sec
C-2

SELF CONSUMPTION CURRENT
Equivalent Anodic Current
-

Using the Faraday relationship (W = ItM/nF), determine an anodic current equivalent to
the rate of self consumption. The modified formula will be (I = WnF/Mt), where W =
weight loss per second, and t = 1 second.

-

I = (2.173 x 10-6 x 2 x 96500) / (24.305 x 1) = 0.0173 A (17.3 mA) (shown in Table 7.3)

Projection for useful anode lifetime
3 Ω anodic current = 0.0490 A (49 mA) from Table 7-3
-

Add calculated Self consumption current to current for 3 Ω resistor

-

0.0490 A + 0.0173 A = 0.0663 A

-

Using the Faraday relationship (W = ItM/nF), determine the projected complete
consumption time of the anodes. The modified formula is t = WnF/IM

-

t = (10886 g x 2 x 9.65 104) / (0.0663 A x 24.305 g) = 1.31 x 109 sec = 41.3 yrs (as shown
in Table 7.3 after roundoff)

-

Multiply calculated time by utilization factor of 0.8
Useful Lifetime = 41.3 yrs x 0.8 = 33 yrs

Expected anode lifetime using field self-consumption data for 3 Ω resistor on Bridge #860050 =
33 yrs (as shown in Table 7.6).
Projection for Bridge #860050 for 3 Ω resistance (Using 0.5 Efficiency Factor)
3 Ω anodic current =

0.049 A (49 mA)

-

Using the Faraday relationship and incorporating the efficiency factor (W = 0.5(ItM/nF)),
determine the time for complete consumption of the anodes. The modified formula is
t = 0.5 (WnF/IM))

-

t = 0.5 x (10886 g x 2 x 9.65 104) / (0.049 A x 24.305) = 8.82 x 108 sec = 28 yrs
Multiply calculated time by utilization factor of 0.8

-

Lifetime = 27 yrs x 0.8 = 22 yrs

Time for complete consumption using 0.5 Efficiency Factor for 3 Ω resistor on Bridge #860050
= 28 years as listed in Table 7.5. With the 0.8 utilization factor, the lifetime is 22 years.
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Figure D.1 0.1 Ω instant-off and depolarization test for bridge #860050
Current West = 4.8 mA
Current East = 5.3 mA
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Figure D.2 0.1 Ω steel and anode instant-off and depolarization test for bridge #860050
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Figure D.3 0.1 Ω instant-off and depolarization test for bridge #860054
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Figure D.4 0.1 Ω steel and anode instant-off and depolarization test for bridge #860054

D-3

West Pier

-400

East Pier

Current West = 66 mA
Current East = 58 mA

-450
-500
-550

Potential (mV)

-586

-600

-626

-650

-634
-684
-687

-700
-750

-738

-800

-833
-822

-850
-873
-876

-900
-40

-20

-899

0

20

40

60

80

Time (hrs)

Figure D.5 1 Ω instant-off and depolarization test for bridge #860050
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Figure D.6 1 Ω steel and anode instant-off and depolarization test for bridge #860050
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Figure D.7 1 Ω instant-off and depolarization test for bridge #860054
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Figure D.8 1 Ω steel and anode instant-off and depolarization test for bridge #860054
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Figure D.9 3 Ω instant-off and depolarization test for bridge #860050

Figure D.10 3 Ω steel and anode instant-off and depolarization test for bridge #860050
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Figure D.11 3 Ω instant-off and depolarization test for bridge #860054

Figure D.12 3 Ω steel and anode instant-off and depolarization test for bridge #860054
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Figure D.13 5 Ω instant-off and depolarization test for bridge #860050
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Figure D.14 5 Ω steel and anode instant-off and depolarization test for bridge #860050
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Figure D.15 5 Ω instant-off and depolarization test for bridge #860054
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Figure D.16 5 Ω steel and anode instant-off and depolarization test for bridge #860054
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Figure D.17 150 Ω instant-off and depolarization test for bridge #860050

Figure D.18 150 Ω steel and anode instant-off and depolarization test for bridge #860050
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Figure D.19 150 Ω instant-off and depolarization test for bridge #860054
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FigureD.20 150 Ω steel and anode instant-off and depolarization test for bridge #860054
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